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INTRODUCTION

U. S. Army Contract DAAJ02-73-C-0053, entitled '"Structural
Integrity Program," was performed to investigate the feasi-
bility of monitoring helicopter usage data for the assessment
of fatigue damage to individual helicopter components. The
study included the investigation of various methods of record-
ing in-flight data, various methods of assessing fatigue dam-
age, the evaluation of both recording and assessment methods,
the selection of candidate monitoring systems, the detailed
development of the selected systems, a life-cycle cost analysis
of the selected systems, and the recommendation of a single
monitoring system for a pilot-test progran.

The investigation of recording methods was conducted to iden-
tify off-the-shelf hardware that could be used to monitor hel-
icopter data. The investigation included a survey of available
analog and digital magnetic tape-recording devices. A target
cost of $2000, the ability to operate reliably in the helicopter
environment, and a computer-compatible output were established
as the selection criteria for the recording device. None of the
off-the-shelf tape recorders surveyed could meet the cost and
performance criteria, so an alternative recording method was
identified.

The investigation of methods for assessing fatigue damage con-
sidered four concepts: flight condition monitoring (FCM),
component load monitoring (CLM), direct monitoring (DM), and
mission-type monitoring (MTM). FCM involves recording flight
parameters to identify flight conditions, such as hover, for-
ward lcvel flight, and maneuvers. CLM involves recording com-
ponent loads either directly or indirectly. DM of phenomena
related to fatigue involves tracking particular phenomena (such
as acoustic emission, annealed foil resistance, and material
inductance levels). MTM involves tracking the mission assign-
ments of the individual aircraft. Since each concept requires
monitoring different information, the assessment of [latigue
damage varies with the concept. Monitoring systems, including
the parameters to be monitored, were identified for each con-
cept and were evaluated for technical acceptability and cost-
effectiveness.

The evaluation of both recording and assessment methods for
technical acceptability and cost-effectiveness was tased on
the concept that fatigue-critical components could be retired
according to the observed usage, if the usage were monitored.
Technical acceptability tested the ability of the monitoring
system to extend component retirement lives, and the cost-
effectiveness tested the economic advantage of doing so. For
technical acceptability, the retirement life of each component
was established by conventional fatigue analysis for the three
test spectra (mild, normal, and severe) identified in this
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study. Thcse retirement lives represented upper bounds on the
retirement of the components. The manufacturer's recommended
retirement life'>? was used as a lower bound. A monitoring
system was then considered technically acceptable if it pro-
jected retirement lives between the upper and lower bounds

for each test usage. The cost-effectiveness compared the
savings generated by extending component retirements and the
costs associated with developing, implementing, and operating
the monitoring system. When savings exceeded cost, the moni-
toring system was considered cost-effective.

The monitoring systems that were technically acceptable and
cost-effective were then selected as candidate monitoring sys-
tems. For the UH-1H, the system was identified as 2CA; for
the CH-47C, as VII. The selected systems were then identi-
fied in greater detail for the life-cycle cost analysis. The
final configuration and operation of the recorder and retriev-
al units were identified and the steps for data processing
were outlined. Costs were then estimated to develop, imple-
ment, and operate the detailed monitoring systems.

The 1life-cycle cost analysis compared the detail costs and sav-
ings, again, generated by extending component retirements. 1If
savings exceeded cost, then the monitoring system was consid-
ered feasible. The effect on the life-cycle cost of two fac-
tors, fleet size and usage severity, was considered. Based on
the results of the life-cycle cost analysis, the candidate
monitoring systems were then ranked and the monitoring system
to be developed in a pilot-test program was recommended.

! Orr, P., Mcleod, G., and Goddell, J., FATIGUE LIFE SUBSTAN-
TIATION OF DYNAMIC COMPONENTS FOR THE UH-1D HELICOPTER
EQUIPPED WITH THE 48-FOOT DIAMETER ROTOR, Bell Helicopter;
Report No. 205-099-135, May 1964.

2 Thakkar, H., and MacDonald, P., CH-47C DYNAMIC SYSTEM FATIGUF
ANALYSIS--FINAL REPORT, Boeing Vertol Division; Report No.
114-SS-723, March 1970.
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RECORDING METHODS

RECORDING SYSTEM SURVEY CRITERIA

A target cost was established to provide a guide in the selec-
tion of the recording device. The target cost was defined as
the difference between preliminary estimates of the component
savings and the expected system cost except for the recording
device itself. Included in this determination was an estimate
of a desired return on the initial investment. The savings
were estimated on the saved replacements of fatigue critical
components. Ry recording the usage of the helicopter, fatigue
damage may be assessed accordingly and the fatigue life may be
extended rela.ive to the design life. As a measure of the ex-
tension of the service usage, the upper bounds on the fatigue
life of the critical components (see Evaluation Criteria) for
the three test spectra were used. Assuming that the recorder
would be in operation for 10 years, the service life of the
components would be 6600 hours at a rate of 55 hours per month.
By comparing the upper bounds with the 6600 hours, the number
of replacements was determined for each of the test spectra
(Table 1). Similarly, by comparing the recommended replacement
life of the components with the 6600 hours, the number of re-
placements for the current practice was determined. The dif-
ference between the replacements for the upper bounds and for
the current practice was the number of saved replacements
(Table 2). Considering the number of saved replacements, the
spectrum weighting factors (see Evaluation Criteria) and the
estimated component acquisition costs, the total component
savings was computed at $12,500 per unit. Assuming a fleet
of 2000 aircraft, the gross savings amounts to $25 million.
The target cost was defined as the difference between prelim-
inary estimates of the component savings and the expected sys-
tem cost except for the recording device itself. Included in
this determination was an estimate of a desired return on the
initial investment.

The costs associated with implementing a recording program on
a fleet of 2000 units for a 10-year period were also estimated.
Costs included start-up costs (exclusive of recorder hardware
costs) and support costs. On the basis of company experience
on related programs, the start-up costs were estimated at $3
million and the support costs at $8 million for the 10-year
period. In addition, a return to the Army of $10 million on
the initial investment was considered reasonable for a 10-
year program. Subtracting these costs and the return from
the gross savings yields a net value of $4 million as the tar-
get cost for the recorder hardware. For a fleet of 2000 air-
craft, this amounts to $2000 per unit.

In addition to the target cost, the survey criteria included
two technical requirements: that the recorder (1) be capable
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of withstanding the helicopter loadings, particularly shock
and vibration, and (2) that the recorder have a computer-
compatible output.

TABLE 1. COMPONENT REPLACEMENTS FOR A 6600-HOUR LIFETIME FOR
THE UH-1H BASED ON DESIGN AND TEST SPECTRA

Component Replacements
Design Mild Normal Severe

Main Rotor

Blade 2 0 1 2

Drag Brace 1 0 0 0

Yoke 1 0 0 0

Pitch Horn 1 0 0 0

Scissors 1 0 0 1

Stabilizer Bar 1 0 0 0

Retention Strap 2 0 0 1
Swashplate Support 1 0 0 0
Collective Lever 1 0 0 0

TABLE 2. SAVED COMPONENT REPLACEMENTS FOR A 6600-HOUR LIFETIME
FOR THE UH-1H BASED ON THE TEST SPECTRA

Component Saved Replacements

Mild Normal Severe

Main Rotor

Blade 2 1 0
Drag Brace 1 1 1
Yoke 1 1 i
Pitch llorn 1 1 1
Scissors 1 1 0
Stabilizer Bar 1 1 1
Retention Strap 2 2 1
Swashplate Support 1 1 1
Collective Lever 1 1 1

14



RECORDING SYSTEM SURVEY

An industry survey for information on off-the-shelf products
that could be used for a helicopter recording system was ini-
tiated in May 1973. Manufacturers were obtained from selected
categories in the Thomas Register and the Instruments and
Control System's Buyers Guide as listed below:

Source Category No. of Manufacturers
Thomas Register Recorders, Magnetic Tape S8
Thomas Register Recorders, Speed 18
Thomas Register Recorders, Stress and 8

Strain
Thomas Register Recorders, Tape 43
Thomas Register Recorders, Vibration S
Thomas Register Instruments, Aeronautical 78
Thomas Register Instrument Work- 87
Experimental
Thonas Register Recorders, Electronic 41

I1§CS Buyer's Guide Recorders, Analog Tape,
Cassette, and

Digital Tape 90

I§CS Buyer's Guide Transducers, Pressure 103
Acceleration 48

Gyroscopes 19

TOTAL 598

Over 500 survey letters were mailed (some manufacturers were
listed under more than one category), but the response was poor
with over 50 percent not responsive. Most of the responding
manufacturers did not comply with the request for pricing in-
formation. Data concerning environmental capability and relia-
bility was similarly absent. Followup inquiries were made of
several manufacturers in specific areas of interest. Because
of this lack of data, products of similar capabilities could
not be adequately compared.

SURVEY RESULTS

The available recorders were surveyed to find off-the-shelf
hardware that could be used to monitor helicopter usage. Re-
sponses to the questionnaire were evaluated relative to the
criteria defined for the recorder. To facilitate the evalua-
tion, the responses were grouped by recorder type, computer
compatibility, and environmental capability, as shown in Table

15



3. 1t became apparent early 13 the study that analog tape re-
corders would not meet the survey criteria primarily because
nf cost. Consequently, digital recorders, capable of discrete
onr-ations, hecame the focal point of the survey.

TABLE 3. SURVEY RESULTS ON MAGNETIC TAPE RECORDERS

Cians® Respondents

AUl Astro Science
Borg Warner
Genisco
Pemtek
Precision Instruments

RYo Bell and Howell
Lockheed Electronics
Sagamo
Teledyne Geotcch
Videa Research

AC3 Dallas Instruments
Teac
DC1 Ampex

Astro Science
Precision Instruments

ne2 Cipher
Daconics
NDigi-Data
lotape
Kennedy
Precision Instruments

pC3 Brush
Chalco
Cipher
Datel
Datum
Hecon
Interdyne
Iotape
Kennedy
Memodyne
Metrodata
MFE
Redaction
Ross Controls
Sykes

DN1 Echo Science
Lockheed Electronics

* (Class Three Letter Codes:

A - Analog ¢ - Format Computer Compatible
D - Digital N - Format NOT Computer Compatible

- Specification Environment Capability
- Limited Environment Capability
- Little Environment Capability

A B9 =

Class DC1 recorders were ideal from a technical standpoint but
were unacceptable in price. The recorders in this group,
which would include the Air Force ASIP recorder, range in
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price from $20,000 to $30,000, which is well beyond the target
cost of $2000. Class DC2 recorders were the second types con-
sidered, but the price range here is $4000 to $5000, making
these recorders unacceptable on cost also. By decreasing the
financial return to the Army, a recorder cost of $5000 could
be met, but the decreased return coupled with the limited op-
erational capability made the Class DC2 recorders undesirable.
Classes DC3 and DN1 were not seriously considered because of
their technical shortcomings. Class DC3 lack environmental
capability, and Class DN1 are not computer-compatible. Typi-
cal environmental limits are 0-50°C and 90 percent humidity
with no condensation. Consequently, the survey of available
recorders revealed that no off-the-shelf tape system could be
used to record the usage data. As a result, an alternative
means of monitoring usage data was investigated according to
the monitoring concepts presented in this report. The survey
indicated that numerous manufacturers produce transducers
which would be satisfactcry for the recording systen.

ALTERNATE RECORDING METHOD

The alternate method of recording in-flight data replaces the
magnetic tape recorder with an electronic memory device. A
complementary metal-oxide silicon (CMOS) random access memory
(RAM) would accumulate the in-flight data in the form of
counts rather than in the real-time, sequential format of the
magnetic tape. The alternative method has three basic advan-
tages over the magnetic tape recorder: cost, data compression,
and a reduction of the data processing task. Overall system
cost is reduced since each aircraft need not have a magnetic
tape drive system on board. Data compression is significant
since data is accumulated in several categories, regardless of
the length of operation. Consequently, the number of tape
cassettes and the required handling are greatly reduced. This
reduction consequently reduces the amount of data processing,
further lowering system operating cost.

Since the memory does not produce output, such as magnetic
tape, a retrieval unit would be required to extract the ac-
cumulated data from the memory. The retricval unit would
contain the magnetic tape recorder which would write the ac-
cumulated data on magnetic tape for transfer to the data pro-
cessing center.

The on-board recorder, shown schematically in Figure 1, con-
tains the following basic elements: parameter transducers,
parameter comparators, a logic network, storage registers
(within the RAM), and a count generator (clock for elapsed-time
counters). Although not shown, a battery is also a gecessary
component, since power must always be applied to the { to
retain the accumulated counts. Since the power requigements
are minimal (about 5 microwatts), the battery size ar‘elife

would not present a problem.
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The retrieval unit, shown schematically in Figure 2, is port-
able and contains the magnetic tape drive and cassette, diag-
nostic equipment, and a rechargeable battery. Getting the in-
flight data on magnetic tape in this manner eliminates the
need for a large number of tape drives qualified for the heli-
copter environment. A single retrieval unit can service a
large number of aircraft, say, at each base of operation.
Since the tape drives need not be qualified for the severe
environment, the unit costs will be lower, further reducing
the cost of getting the in-flight data on magnetic tape (for
data processing). The diagnostic equipment would include
circuitry for a series of tests for the accumulated data (the
tests would be performed automatically and the test results
would be written on the magnetic tape), and a voltmeter for
manual tests of comparator thresholds, transducer outputs,
battery condition (both on-board and retrieval units), and
power supply voltages. The entire urnit would be packaged in
a rugged transit case, complete with hinged cover and handle,
and would weigh less than 25 pounds so as not to be cumber-
some. The accumulated data would be recad on a standard cas-
sette in a format compatible with a computer terminal, al-
lowing direct access for the data processing tasks.

FLIGHT PARAMETER PARAMETER LOGIC NETWORK
TRANSDUCERS COMPARATORS s o= 6 o oo S oeac oo

STORAGE
REGISTERS

Py " =] @

Py T2 > €2

Pa = = “ .

CLOCK

Figure 1. Schematic of FCM Recorder.
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@ CONTROL

LOGIC
MANUAL INPUT INTERROGATE BIT MANUAL TEST
CIRCUITRY CIRCUITRY CIRCUITRY CIRCUITRY
ok %

*BIT=-BUILT.IN TEST

DISPLAY

Figure 2. Schematic of Retrieval Unit.
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MONITORING METHODNS

INTRODUCTION

Four types of in-flight aircraft monitoring--FCM, CLM, DM, and
MTM--were identified, investigated, and evaluated individually
and relatively to define potential means for monitoring the
operational usage of the UH-1H and CH-47C helicopters. The
following section discusses the concepts and associated as-
sumptions of ecach of the four ionitoring types.

FLIGHT CONDITION MONITORING

The FCM collects flight condition data for fatigue damage as-
sessment. Similar to the manufactuiar's fatigue analysis,
where damage is assigned to various flight conditions of a
design spectrum, the fatigue analysis with FCM data is based
on the actual flight time spent in various flight conditions.

The fatigue damage assessment is based on a damage rate per
unit of time for each selected flight condition and the total
time spent in the given flight condition; that is,

D(I) = C(1) - T(I) (1)
where D = damage for a given flight condition
C = damage rate for a given flight condition
T = total time spent in the given flight condition

Therefore, in comparison to the classical method of computing
fatigue damage where applied cycles (n) of specific load
levels are compared with the corresponding number of cycles

to failure (N), the FCM concept is based on the assumption
that the actual time spent in a flight condition can be used
to identify the applied cycles (n) and that the number of cy-
cles to failure (N) can be assumed for the flight condition.
For the number of cycles to failure, the manufacturer's top-
of-scatter load or stress level is assumed for the flight con-
dition. Since the number of applied cycles of the load level
is also assumed, the damage fraction for the flight condition
is another assumption. The damag«: fraction is then divided

by the duration of the flight condition to produce a conserv-
ative damage rate. Since the load level is the top-of-scatter
load for the flight condition, the damage fraction and the
resulting damage rate are both conservative. Finally, to com-
plete the fatigue damage assessment, the flight conditions and
the means of monitoring them must be identified.
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The flight conditions considerecd damaging to the UH-1H and
CH-47C are listed in Tables 4 and 5, respectively.
tables are based on the 100 flight hours specified in the

design spectrum.

TABLE 4.

FLIGHT CONDITIONS FOR THE UH-1H

Flight Condition

It Ground Conditions
I1. Power-On Flight
A Vertical Takeoff
B Hover
C Norm Acceleration
D Norm Deceleration
L Max Acceleration
F Max Deceleration
G Sideward F1t
H Rearward Flt
I Full Pwr Climb
J Fwd Level Flt
K Part Power Descent
L.,M Turns
N,O0 Pull-Ups
p Control Reversals
Q Norm Landing
1. Transition
A Power to Auto
B Auto to Power
IV, Autorotation
A Steady Forward Flight
B 60-Kn Control Reversal
C,D Turns
E Autorotation lLanding/
Power Recovery
F Full Auto Landing
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TABLE 5. FLIGHT CONDITIONS FOR THE CH-47C

Flight Conditions Duration
Level Flight,
Hover 10 Percent
Transition (Hover to Forward Flight) 15 Percent
60 percent VNg* 25 Percent
90 percent VNE 20 Percent
100 percent VNE 20 Percent
110 percent VNE 10 Percent
Maneuvers,
Flare, Landing 4/hr
Turn,
Right 5/hr
Left 5/hr
Pull-Up,
Collective 3/hr
- Longitnudinal 1/hr
Control Reversals,
Longitudinal 4/hr
Lateral 4/hr
Directional 4/hr

Other Conditions

Gross Weight,

27000 1b 50 Percent

33000 1b 25 Percent

46000 1b 25 Percent
Center of Gravity,

Forward 50 Percent

Aft 50 Percent
Altitude,

0 to 6000 ft 50 Percent

6000 to 10000 ft 40 Percent

10000 ft and above 10 Percent

*VNE = velocity never exceeded

In the CH-47C spectrum, the total time is divided among the
level flight conditions and maneuvers which are considered

as discrete events of no duration; in the UH-1H spectrum, the
duration of all maneuvers was considered. Consequently, the
duration of maneuvers® was used (see Table 6) and the flight
condition spectrum was so adjusted.

3 Herskovitz, A., and Steinmann, H., CH-47A DESIGN AND OPERA-
TIONAL FLIGHT LOADS STUDY, Boeing, Philadelphia, Pennsylvania;
USAAMRDL Technical Report 73-40, U.S. Army Air Mobility
Research and Development Labcratory, Fort Eustis, Virginia,
November 1973, AD772949.

22



TABLE 6. DURATION OF MANEUVERS FOR THE CH-47C

Maneuver Duration (seconds)
Flare, Laading 30.0
Turn 58.5
Pull-Up 7.1

Control Reversal,

Longitudinal 7.5
Lateral 8.0
Directional 6.4

With this informution and the damage accrued by each fatigue-
critical component, the flight conditions were ranked accord-
ing to their severity in producing damage to the helicopter
as a whole. The results of the ranking procedure are listed
in Tables 7 and 8 for the UH-1H and CH-47C, respectively.

For both helicopter models, the flight conditions producing
the most damage are pull-ups, control reversals, and landings;
some turns and level flight conditions also contribute?damage.
Consequently, the definition of the recording systems concen-
trated on the higher-ranked flight conditions.

The flight conditions are identified by monitoring those pa-
rameters that reflect specific helicopter conditions. Table

9 lists the parameters for the UH-1H. As noted, a collective
pull-up at 90 percent VY (limit forward airspeed) is the most
damaging flight condition. To individually identify the col-
lective pull-ups, the recorder must monitor the indicated air-
speed, the collective stick position, the pitch rate, and the
vertical acceleration. The stick pcsition is monitored to
identify the control input, that is, to differentiate the col-
lective pull-up from other conditions causing similar helicop-
ter responses, such as longitudinal pull-ups and reversals.
The airspeed is monitored to determine whether the maneuver

is performed at 90 percent Vy; pitch rate and vertical accel-
eration are monitored to identify the helicopter response.
Similarly, the other parameters listed in Table 9 were iden-
tified by the damaging flight conditions listed in Table 10.
This latter table presents the 23 flight conditions producing
the most fatigue damage, the parameters required to monitor
each flight condition individually, and the type of monitoring
required.
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TABLE 7. RANKING OF FLIGHT CONDITIONS FOR THE UH-1H

Rank Flight Condition Rank Value
1 Pull-Up at 90 Percent VH,
Collective 80.740
2 Hovering, in Ground Effect,
Control Reversal, Longitudinal 17.000
3 Pull-Up at 90 Percent VH’
Cyclic 10.440
4 Control Reversal at 90 Percent
VH' Lateral 7.740
5 Power Off Landing, with
No Power Recovery 5.6240
6 Control Reversal at 90 Percent
VH' Longitudinal 4,680
7 Landing, Normal at 9500 Lb
Gross Weight 4,650
8 Transition, Power Off to
Power On at 80 Percent VH 4.6
9 Main Rotor Start/Stop Cycles 3.924
10 Power Off, Landing Agproach with
Power Recovery in Ground
Effect at 40 Percent Vy 3.450
11 Deceleration, Maximum Rate 2.536
12 Transition, Power 0ff to Power On
at 60 Percent VH 2.160
13 Landing, Normal at 8500 Lb
Gross Weight 2.075
14 Pull-Up at 60 Percent Vy,
Collective 1.645
'S Tur:.. Right at 90 Percent VH 1.600
16 Turn, JL. -t at 90 Percent VH 1.482
17 Sideward F.ight, Right .852
18 7urn, Left at 60 Percent VH .415
19 Landing, Normal at 7500 Lb
Gross Weight .383
20 Forward Flight, at 20 Percent VNE .271
21 Forward Flight, at 30 Percent VNE .230
22 Turns, Right at 60 Percent VH .130
23 Deceleration, Normal 127
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Cyclic Pull-Up
Longitudinal Reversal
Cyclic Pull-Up
Longitudinal Reversal
Longitudinal Reversal
Exceed Vp

Landing Flare
Longitudinal Reversal
Collective Pull-Up
Longitudinal Reversal
Collective Pull-Up
Cyclic Pull-Up
Collective Pull-Up
Longitudinal Reversal
Lateral Reversal
Lateral Reversal
Lateral Reversal
Lateral Reversal
Transition

Lateral Reversal
Lateral Reversal
Cyclic Pull-Up
Lateral Reversal

Left Turn

Left Turn
Longitudinal Reversal
Longitudinal Reversal
Exceed Vpe

Right Turn
Directional Reversal
Directional Reversal
70% Vne

Directional Reversal
70% Vpe

Directional Reversal
Exceed Vpe

Right Turn

Exceed Vpe

Right Turn

Left Turn

Right Turn

Right Turn

Left Turn

Rotor Start/Stop

Left Turn

Right Turn

Right Turn

Left Turn

Right Turn

Alt/GCross Wt

0-6000 ft/33000 1b
10000 ft-above/27000 1b
6000-10000 £t/33000 1b
0-6000 ft/27000 1b
6000-10000 £t/27000 1b
10000 ft-above/33000 1b
0-6000 ft/46000 1b
0-6000 ft/33000 1b
0-6000 ft/33000 1b
6000-10000 ft/33000 1b
6000-10000 £ft/33000 1b
10000 ft-above/27000 1b
6000 ft-above/46000 1b
10000 ft-above/33000 1lb
6000 ft-above/46000 1b
0-6000 ft/46000 1b
6000-10000 £t/27000 1b
0-6000 ft/27000 1b
0-6000 ft/46000 1b
10000 ft-above/27000 1b
0-6000 ft/33000 1b

6000 ft-above/46000 1b
6000-10000 ft/33000 1b
6000 ft-above/46000 1b
10000 ft-above/33000 1b
0-6000 ft/46000 1b

6000 ft-above/46000 1b
0-6000 ft/46000 1b
0-6000 ft/46000 1b
0-6000 ft/33000 1t
6000-10000 £t/33000 1b
6000 ft-above/46000 1b
0-6000 £ft/27000 1b
0-6000 ft/46000 1b
6000-10000 £t/27000 1b
6000-10000 £t/33000 1b
6000 ft-above/46000 1b
0-6000 ft/33000 1b
0-6000 ft/33000 1b
0-6000 £t/33000 1b
10000 ft-above/27000 1b
10000 ft-above/33000 1b
1000C £t-above/27000 1b
0-6000 ft/46000 1b
6000-10000 £t/33000 1b
0-6000 £ft/27000 1b
6000-10000 £t/33000 1b
6000-10000 £t/27000 1b
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TABLE 9. MONITORING PARAMETERS FOR THE UH-1H

Indicated Airspeed

Main Rotor RPM
Longitudinal Stick Position
Lateral Stick Position
Collective Stick Position
Pitch Rate

Roll Rate

Yaw Rate

Vertical Acceleration
Longitudinal Acceleration
Lateral Acceleration
Landing Gear Touchdowns
Engine Torque

Gross Weight

The type of monitoring specifies that the flight condition be
monitored on an occurrence or time basis. For example, rotor
start/stops (#2) are monitored as occurrences where an excur-
sion of rotor rpm from below 25 percent of normal to above 85
percent of normal and to below 25 percent of normal is con-
sidered as a single occurrence of a rotor start/stop cycle.
An example of a flight condition monitored on a time basis is
forward flight at 20 percent Vy (#15) where the flight time
would be accrued when the indicated airspeed was approximately
20 percent Vy and the vertical acceleration was in a level
flight range (typically, 0.8g to 1.2g). The code numbers in
Table 10 define the type of monitoring by specifying how the
parameter is to be monitored. Where more than one code is
shown, the manner of monitoring is optional, depending on the
desired complexity of the recording system.

Monitoring all the parameters listed in Table 9, however,
proved to be too costly. Consequently, the parameters moni-
toring the control stick inputs were eliminated and only those
monitoring the helicopter response were retained.
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TABLE 10.

FLIGHT CONDITION

Collective Pull-up .PVN

Rotor Stop/Start
Full Auto Llanding

Right lurn .OV”

Lett lurn .9\"

Sormal Landing (9500 Ib)
Max.Rate Deceleration
Cyclic Pull-up .9V”

Auto to Power .6V

Left Turn .6V

H
Sormal Landing (8500 1ib)

Lateral Control Keversal
.9V

H
Collective l‘ull-up.b\'“

Auto Ldg.Approach/Pwr
Rec IGL .JV"

torward Flight .2V

ne
Long.lontrol Reversal

.3V

Forward Flight ne

‘uro to-Power .ﬂV"
Sideward flight-Right

Long. Control Reversal-
Hover IGL

Right Turn .6V

H
Sormal Deceleration

Normal Landing (75600 1b)
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As a result, such flight conditions as collective and longi-
tudinal pull-ups could not be differentiated, since the heli-
copter response is similar for both flight conditions. These
flight conditions could, however, still be monitored as elc-
ments of a flight condition category where flight conditions
causing similar helicopter responses could be included in the
same recorded data. Thus, instead of recording collective and
longitudinal pull-ups as separate flight conditions, both
would be recorded in a category where the vertical accelera-
tion and pitch rate exceed specified thresholds. As presented
in Appendix A, the various recording systems for the UH-1H
were based on the reduced set of parameters. As an example,
Table 11 lists the parameters considered for the candidate
monitoring system on the UH-1H, System 2CA, and Table 12 in-
dicates how these parameters are combined to form categories
of damaging flight conditions. Table 12 also lists by number
the design spectrum flight conditions that should be recorded
in each of the categories; the flight condition numbers corre-
late with those presented in Table A-1, and the asterisks de-
note damaging conditions. Note that the recorded time in cate-
gories will include time from damaging as well as nondamaging
flight conditions. The damage rate, however, is based on the
total time in the flight condition category for the design
spectrum. This, again, is a conservative assumption. Table
13 lists the resultant damage rates for each of the flight
condition categories for system 2CA, and Appendix A presents
the same information for the other recording systems consid-
ered for the UH-1H helicopter.

TABLE 11. MONITORING PARAMETERS FOR RECORDING SYSTEM 2CA
FOR THE UH-1H

Indicated Airspeed

Main Rotor RPM

Pitch Rate

Roll Rate

Vertical Acceleration

Landing Gear Touchdown

Engine Torque
A similar development was undertaken for the FCM method of re-
cording data for the CH-47C helicopter. The flight conditions
shown in Table 5 were selected on the basis of producing 1
percent or more of the total damage to any of the fatigue-
critical components. Table 8 lists the flight conditions
ranked according to the severity of damage produced on the
helicopter as a whole. As for the UH-1H, the parameters re-
flecting CH-47C conditions were identified to record primarily

those flight conditions most damaging to fatigue-critical
components.
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Based on the UH-1H FCM development, the parameters to be moni-
tored were restricted to helicopter response and related con-
ditions exclusive of control inputs. Table 14 lists the se-
lected parameters, and Table 15 presents the monitoring re-
quired for each. Among the parameters to be monitored is the
helicopter gross weight. This information has been considered
essential for fatigue damage assessment since the CH-47C has a
flight envelope that is very sensitive to gross weight, as
typified by a reduction in VNE (velocity never exceeded) with
increasing altitude and gross weight.

TABLE 14. MONITORING PARAMETERS FOR THE CH-47C
Indicated Airspeed
Rotor RPM
Pitch Rate
Roll Rate
Yaw Rate
Vertical Acceleration
Landing Gear Touchdowns
Gross Weight
Altitude

Longitudinal Cyclic Speed Trim (LCST) Position
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0f the FCM recording systems considercd for the Cl-47C, System
VII is presented as an example. Table 16 lists the sclected
parameters for System VII, and Table 17 indicates how the pa-
rameters are combined to form categories of damaging flight
conditions. Table 17 also lists by number the flight condi-
tions recorded in the flight condition categories; the flight
condition numbers correlate with those presented in Table A-2,
and the asterisks denote damaging conditions. The resulting
damage rates for System VII are reported in Table 18. The re-
maining FCM recording systems for the CH-47C are presented in
Appendix A.

TABLE 16. MONITORING PARAMETERS FOR RECORDING SYSTEM VII
FOR THE CH-47C

Indicated Airspeed
Rotor RPM

Pitch Rate

Vertical Acceleratioa
Landing Gear Touchdown
Gross Weight

Altitude

Longitudinal Cyclic Speed Trim (LCST) Position
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COMPONENT LOAD MONITORING

With the CLM, flight-measured component loads are used to as-
sess fatigue damage. This method of assessing fatigue damage
is comparable to the manufacturer's analysis where component
loads are related to various flight conditions. In the CLM
concept, however, the recorded loads need not be associated
with flight conditions since th~ loads are recorded on a real-
time basis. Like the FCM, the CLM records elapsed time within
a specified range of the component load. Consequently, the
fatigue damage is again assessed on a rate basis:

D(I) = C(I) - T(I) (1)
where D = damage for a given load range,
C = damage rate for the given load range, and
T = elapsed time spent in the load range.

This damage assessment is similar to the classical method of
computing fatigue damage: The applied cycles (n) of the loads
in the range are derived from T(I), and the damage rate (1/N)
is conservatively based on the maximum load in the load range.
In the ideal recorder, the monitored loads would be the criti-
cal loads of the fatigue-critical components. This, however,
would require instrumentation beyond the scope of a cost-
effective system. Slip rings, multiplexing equipment, and
circuitry to calculate loads from recorded strains would make
the recorder costs prohibitive. Since the ideal component
loads recorder is not practicable, a compromise was made on
the loads to be monitored to simplify the recorder and to
make it feasible.

The compromise consisted of expressing the loads on the dy-
namic components of the helicopter rotor system as a linear
function of the loads in the stationary control system. This
compromise was based on the fact that the Boeing cruise guide
indicator (CGI) monitors the loads on two components (fixed
link and pivoting actuator) in the aft rotor fixed control
system. The higher of the two loads is displayed on a cock-
pit indicator.“ The dial face of the indicator is divided
into three segments representing endurance limits of 0 to 100
percent, 100 to 150 percent, and 150 to 200 percent, respec-
tively. The theory of this monitoring is that the two com-
ponents sense the most critical fatigue loads in the helicop-
ter, and therefore these loads define the allowable structural

* Brown, W.P., and Stienmann, H.H., THE CH-47C CRUISE GUIDE
INDICATOR, Boeing-Vertol Division, Proceedings of the
Annual National Forum of the American Helicopter Society,
Preprint No. 453, presented at the 26th Annual National
Forum of the American Helicopter Society, June 1970.
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flight envelopes. The figures in Reference 4 exhibit a linear
relationship between the percentage of endurance limit dis-
played on the cockpit indicator and that exp:rienced by sev-
eral of the dynamic components.

The CLM refines the CGI data. By recording the magnitude and
occurrence of selected stationary control loads, the magnitude
and occurrence of the loads on the fatigue-critical dynamic
components can be determined. From this, the accrued fatigue
damage to each dynamic component can be calculated. Assuming
the linear relation of component loads, transfer functions
were developed in this study by a computer program which uti-
lized dynamic and stationary loads from the flight load sur-
veys on the test-bed aircraft.®»® A function of the following
form was sought:

A

LR =a,+a LFy + ... ¢+ a, LF, (2)

where LR = approximation t~ ‘he rotating component load

LFn actual fixed - nent loads

o coefficients which define the transfer function

n

The approximated loads were then used by the program to calcu-
late component fatigue lives which were maximized with the
provision that the approximation to the rotating component
load be greater than or equal to the actual rotating component
load; i.e.,

Lp > Lp (3)

The computer program entitled CLMMOD whose technique and proce-
dure are discussed in Appendix B was used to determine the trans-
fer functions. The transfer functions for the UH-1H components
were based on 170 flight conditions repcrted in Reference 5.

The 170 flight conditions were selected because they produced
fatigue damage on at least one of the components. Similarly,
the transfer functions for the CH-47C components were based on
217 flight conditions reported in Reference 6. Since only the

5 Garrison, J., LOAD LEVEL TEST OF UH-1D HELICOPTER IN 48-
FOOT DIAMETER MAIN ROTOR CONFIGURATION, VOLS III AND IV,
Bell Helicopter; Report No. 205-099-049, April 1964.

® Hartman, L.J., CH-47C STRESS AND MCTION SURVEY, Boeing-
Vertol Division; Report No. 114 FT-708, April 1969.
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maximum load for each component was reported, it was assumed
thgt the reported loads occurred simultaneously durii:g the
flight condition.

After the transfer functions were established, the rotating com-
ponent loads were approximated for the respective loads, and re-
tirement lives were computed from the approximated loads. The
resulting retirement lives, however, were not acceptable for
most of the components analyzed. The acceptability of the com-
puted retirement lives was determined by the function error (E)
computed as follows:

approximate retirement life (4)

E =1 - = ctual retirement 1ife .

The function error for the unacceptable retirement lives was
close to unity, indicating a large error in the computation.
A function error of zero indicated very small errors in the
computation.

The results of the CLMMOD analysis for the UH-1H helicopter
are presented in Table 19. The components considered were the
main rotor blade, main rotor grip, main rotor drag brace, main
rotor yoke, main rotor stabilizer bar, main rotor pitch horn,
swashplate support, and collective lever. The constants, ap,
are shown in the table along with the value of the function
error. Only the swashplate support and collective lever show
function errors of zero, indicating acceptable fatigue lives.
Since the actual retirement life of each component was based on
the collective lever loads, the transfer function was unity.
Therefore, the approximate and actual loads and retirement
lives were the same.

The results of the CLMMOD analysis for the CH-47C are shown in
Table 20. Only the aft rotor pitch link was selected for
analysis because this component was expected to yield the best
results. Good results were also expected because of the Ref-
erence 4 correlation of pitch link loads and several stationary
component loads. In addition, the reported linear relationship
agrees with the previously stated assumption. Six tests of
pitch link load versus stationary component loads were run, in-
cluding the combination of the component loads cited in Refer-
ence 4. In all tests, the function error was nonzero, indicat-
ing that the approximate retirement lives are unacceptable.

Accordingly, since it was concluded that the CLM technique
would not produce acceptable retirement lives for any of the
UH-1H or CH-47C components, the technique was judged techni-
cally unfeasible and its further study was curtailed.
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TABLE 20. RESULTS OF COMPONENT LOADS MONITORING MODEL (CLMMOD)
FOR THE CH-47C AFT PITCH LINK

Test Error

Case 20 l | 3 o3 -Eunerion
1 .296E+04 .238E-00 .000E-00 .000E-00 .929E-00
2 .301E+04 .000E-00 .542E-00 .000E-00 .949E-00
3 .489E+04 .000E-00 .000E-00 -.154E-00 .983E-00
4 . 250E+04 .219E+02 .160E-00 .000E-00 .894E-00
5 .123E+04 .812E+02 .000E-00 -.296E-00 .944E-00
6 . 348E+04 .000E-00 .343E-00 .102E-00 .955E-00

The load approximation for each test case has the form:
Pitch Link Load = ay + oy (Swiv Act Load)
*a, (Fixed Link Lcad) + as (Pivot Act Load)

DIRECT MONITORING

The DM method uses data gathered on various fatigue-related
phenomena to assess fatigue damage. The phenomena include the
change in metal conductivity due to cold-working, the acoustic
emission of metals under stress, and the change in magnetic
field strength as a result of fatigue loads. Unlike the FCM
and CLM methods, the DM method empirically associates the moni-
tored data with the accrued fatigue damage. This association
would therefore be determined through tests of full-scale com-
ponents measuring both the monitored data and the accrued com-
ponent fatigue damage. From these tests, the criteria for re-
tirement life projection and component removal would be estab-
lished in terms of the monitored data.

Since the DM methods require empirical definition, they cannot
be evaluated in terms of extended retirement lives for the
components of the test-bed aircraft. However, the applicabil-
ity of the DM methods for assessing component fatigue damage

is discussed in Appendix A for all the DM methods - resistance
change (as typified by the annealed foil fatigue gage), acous-
tic emission, and inductance testing - and is summarized in the
following paragraphs.

The annealed foil fatigue gage has shown promise as a passive
fatigue damage indicator. However, since currently available
gages lack consistency in their responses, a given percentage
of resistance change cannot be correlated with the actual
fraction of the fatigue life expended for a component outside
the controlled laboratory environment.
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The monitoring of acoustic emission during periodic proof
stressing provides a means of detecting the presence and
growth of fatigue cracks. Good results have been obtained
in controlled situations where the damaging loads and the
proof loads are applied similarly. However, to proof-load
components of a helicopter rotor system equivalent to the
complex loads experienced during flight could require new
hardware or disassembly of the system. Additionally, im-
pending fatigue failure has been successfully detected only
for materials exposed to low-cycle fatigue and not for high-
cycle fatigue typically encountered in helicopter components.

Inductive sensing was shown to be capable of detecting micro-
cracks in metals. Wherever cracks propagated normal to the
surface of beam specimens were detected early, cracks propa-
gated parallel to the surface of roll specimens were detected
much later. Although the tests have indicated that an induc-
tive sensing system is of some value in detecting metal fa-
tigue during vibratory beam tests, a model has not been de-
veloped to analytically predict signal amplitudes as a func-
tion of either the number of fatigue cycles or the crack
propagation rate. Additionally, the degree of uncertainty is
high whenever the first signal encountered is of high ampli-
tude. It is therefore difficult to predict the remaining
fatigue life by comparing such laboratory data with that
taken by relatively continuous monitoring. Therefore, in-
ductive sensing cannot be considered a satisfactory means of
monitoring the fatigue life of helicopter components.

MISSION TYPE MONITORING

With the MTM concept, the functional assignment of each heli-
copter is used to assess the fatigue damage to the fatigue-
critical components. Table 21 lists the functional assignments
for Army helicopters in the alphabetical order of their three-
letter codes. The functional assignment of each aircraft is
monitored in the Reliability and Maintainability Management Im-
provement Techniques (RAMMIT) Reporting System by aircraft
serial number. The assignments are reported monthly in the
Chronological, Historical Aircraft Ownership Summary (CHAOS)
report. The fatigue damage to the fatigue-critical components
is assessed according to the flight time spent by the aircraft
in each functional assignment (FA). This time is also reported
in the CHAOS report. The damage would be assessed similarly as
in the FCM method; that is, damage is computed as the product
of flight time and a theoretical damage rate for the functional
assignment under consideration:

D = TN . CN (5)
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where D = damage to the component under consideration
T
C

N time spent in the functional assignment N

N

theoretical damage rate for the functional
assignment N

TABLE 21. LISTING OF FUNCTIONAL ASSIGNMENT OF HELICOPTERS

Tvpical bistribution
o boof Fleet

Conde Functional \ssignment -1 CI- 171
WA Combat Mission - Active Army 1701 13
AGE Direct Combat Training - Active Army 1.0 1.1
G Combat Mission - Reserve Forces 3.1 -
\G Direct Combat Training - Reserve lorces 2

BoC Direct Combat Support - Active Army 13.8 SN
Bun Direct Combat Support - Reserve Forces 1.3

Bl Direct Combat Training - ARADCOM . -
B Direct Combat Support - ARADCOM 0.6 :
LB Indirect Logistical Support 2 -
cIe Lxecutive Transport .5

cih Proficiency Flight Time R -
QN Weather Service .

ClG Photographic and Survey . s
Cid \eromedical ob] 2
¢ Intelligence and Classified Projects 5

CIK Attaches, Missions and MAGG .l %
Wl Special Missions 1.9 3
DELA Flight Training T.b 1.1
AR A Technical Operations and Maintenance A 1.0

Training

D3N Training Support ! -
ILTL Test and Evaluation .0 LI
L Test Support 1.4 a

This damage assessment requires that a theoretical damage rate
be determined for each of the functional assignments identified
in Table 21. To determine the theoretical damage rates re-
quires such information as the definition of typical mission
profiles for each functional assignment, the frequency of oc-
currence of flight conditions for the mission profiles, and
the corresponding component loads. Since information on mis-
sion profiles and flight condition frequencies for each func-
tional assignment was not available, the theoretical damage
rates for the functional assignments were not calculated. Ra-
ther, an alternative means of gathering mission-type informa-
tion was considered where theoretical damage rates could be
determined.

The alternative MTM method was based on the mission segment
(MS) concept which assumes that the mission profile can be
subdivided into several segments, for example, ascent, steady
state, maneuver, and descent. Fatigue damage to the compon-
ents, therefore, can be assessed for the flight time spent

in the various mission segments:
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D= CA * Ty CS 8 TS + CM 0 TM + CD 0 TD (6)

where D = fatigue damage to the component under consideration

Ci = theoretical damage rate for the ith mission segment
Ti = flight time in the ith mission segment
A,S,M,D = mission segment ascent, steady state, maneuvers,

descent

As in the FCM method, the theoretical damage rates can be de-
termined by considering the flight cond:.ions that the mis-
sion segments would include. A single test case was developed
by using the manufacturer's design data (Reference 1). The
flight conditions were assigned to the mission segments as
shown in Table 22. The resulting theoretical damage rates aie
presented in Table 23.

TABLE 22. ASSIGNMENT OF FLIGHT CONDITIONS TO MISSION SEGMENTS

Fli

cht Condition

Mi: ion Segment

I tiround Conditions Ground
Il Power-Nn Flipht
A Vertical T/0 Ascent
B Hover Hover
C Norm Accel Ascent
D Norm Decel Descent
L Max Accel Ascent
F Max Decel Descent
G Sideward Flt Steady
H Rearward Flt Steady
1 Full Pwr Climb Ascent
J Fwd Level Flt Steady
K Part Pwr Des NDescent
L,M Turns Maneuver
N,0 Pull-ups Maneuver
p Control Rev Maneuver
0 Norm Land Descent
IIl Transition
A Power to Auto Descent
B Anto to Power Ascent
v Autorotation
A Steady Forward Flight Steady
B 60 Kn Control Reversal Maneuver
C,D Turns Maneuver
E Autorotation Landing/Pwr Rec Descent
F Full Auto Landing Descent
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Each of the MTM methods presented here has its advantages and
disadvantages. The functional assignment technique is an ex-
tremely simple monitoring method. Since the CHAOS report of
the RAMMIT system already monitors the functional assignment
and flight time of each aircraft, the functional assignment
method requires no on-board recording. Rather, a system which
interfaces with the RAMMIT system is all that is necessary to
monitor the fatigue damage. The interfacing system would call
out the appropriate information (functional assignment code
and flight time), apply the theoretical damage rates (once de-
termined) to the flight time, and report the assessed fatigue
damage to the appropriate serialized components. The flight
time for the aircraft and the fatigue damage to the serialized
components would be correlated in a component status file.
This file would be maintained by the composite 2410/2407 file
of the RAMMIT system, which monitors component change infor-
mation. The entire system, therefore, could be developed by
interfacing a new file with the current RAMMIT system. The
disadvantage of the functional assignment method is the iden-
tification of theoretical damage rates for the functional as-
signments. A detailed recording progran on sample aircraft
would be required to identify the mission profile of each
functional assignment. The theoretical damage rate would
then be calculated according to the sample data, and then ap-
plied to all the aircraft in the particular functional as-
signment. Consequently, the theoretical damage rate will be
a function of the missions flown by the sample aircraft and
will only be ns representative of the functional assignment

as these missions allow.

The mission segment method requires an on-board recorder to
identify the flight time accrued in each of the mission seg-
ments. Although the resultant monitoring will be more complex
than that in the functional assignment method, the recording
will provide better information for fatigue damage assessment.
In addition, theoretical damage rates can be identified for

the mission segment method, as previously discussed. The def-
inition of theoretical damage rates permits evaluating this
method for technical acceptability; this evaluation capability
gives the mission segment method an advantage over the func-
tional assignment method. The disadvantage of the mission seg-
ment method is its increased complexity and, therefore, its in-
creased cost.
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EVALUATION OF METHODS

EVALUATION CRITERIA

To test the technical acceptability of the various monitoring sys-
tems, a usage spectrum which represented the composite fleet op-
eration was derived. Because of the difficulty in formulating a
single composite spectrum representative of the entire fleet op-
eration, and because of the difficulties of trying to vary fleet
operations to determine the monitoring system sensitivity to
spectrum variations, three representative spectra were defined.
These spectra portrayed a mild, normal, and severe utilization of
the two helicopter models; for both models, these spectra were
defined not as the worst-case usage, but rather as representative
of a severe or mild utilization which might be expected to occur
with some regularity. Weighting factors, which approximate the
distribution of the usage spectra among the fleet, were also de-
fined. Consequently, each spectrum and its weighting factor
form an approximation of the utilization of each fleet of heli-
copters.

This approach (using three usage spectra of varying degrees of
severity and associated weighting factors to approximate average
fleet usage) allowed for an estimate of the sensitivity of each
candidate monitoring system to usage spectrum variations.
Therefore, a candidate monitoring system which is technically
acceptable for the average fleet usage could also be tested for
the severe usage without forming a separate spectrum by simply
varying the weighting factors. In this manner, the monitoring
system could be evaluated for the entire range of usage.

The three spectra for each helicopter class were generated
similarly by using data obtained from various operational
surveys’*®»®, Since both the UH-1H and CH-47C helicopters
are used in the direct combat support function for a large
percentage of their operational life, the data from these
references provide a representative base from which to de-
rive the required test usage spectra. The test .usage spec-
tra were developed by distributing the flight time from the
operational surveys in various flight conditions.

Johnson, Raymond B., Clay, Larry E., and Meyers, Ruth E.,
OPERATIONAL USE OF UH-1H HELICOPTERS IN SOUTHEAST ASIA,
Technology Incorporated, Dayton, Ohio; USAAMRDL Technical
Report 73-15, U.S. Army Air Mobility Research and Develop-
ment Laboratory, Fort Eustis, Virginia, May 1973, AD764260.
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The distribution of thc flight time was based on the assumption
that each flight conditiun can be described as having a parti-
cular combination of flight-measured parameters such as air-
speed, altitude, rate of climb, torque, and normal acceleration.
Since References 7 through 9 present tables of time in concur-
rent ranges of measured parameters, the tables could be divided
so that time in each block was related to a flight condition.

As an example, the tables of rate of climb versus torque per-
mitted determining the time in steady level flight, acceler-
ated flight, full-power climb, partial power descent, and de-
celerating flight. By cross-referencing with tables of air-
speed versus torque, a further division can be made into hover
and forward flight. By working such a division among the times
in each flight parameter table and performing all multiple cor-
relations as necessary to obtain fine divisions, a flight spec-
trum was derived. This spectrum was defined as the severe
spectrum. The normal and mild spectra were derived by modify-
ing the severe spectrum so that those conditions which would
contribute significant fatigue damage were reduced in occur-
rence. In general, the normal and mild spectra reflected
larger cruise times and less maneuvers. It should again be
noted that the terms ''severe spectrum" and "mild spectrum"

are not intended to convey the impression of the worst or

best usage to which the particular fleet might be exposed.
Rather, these terms are used in this study to describe the

two extremes to which a reasonable percentage of the fleet
might be exposed.

Tables 24 and 25 present the three test spectra and the de-
sign spectrum for the UH-1H and CH-47C helicopters, respec-
tively. The three representative spectra will be used to es-
tablish upper bounds on component life for various selected
critical components.

® Giessler, F. Joseph, and Braun, Joseph F., FLIGHT LOADS
INVESTIGATION OF COMBAT ARMED AND ARMORED CH-47A HELI-
COPTERS OPERATING IN SOUTHEAST ASIA, Technology Incorpo-
rated, Dayton, Ohio; USAAVLABS Technical Report 68-1,
U. S. Army Aviation Materiel Laboratories, Fort Fustis,
Virginia, March 1968, AD671672.

® Giessler, F. Joseph, and Braun, Joseph F., FLIGHT LOADS
INVESTIGATION OF CARGO AND TRANSPORT CH-47A HELICOPTERS
OPERATING IN SOUTHEAST ASIA, Technology Incorporated,
Dayton, Ohio; USAAVLABS Technical Report 68-2, U.S. Army
Aviation Materiel Laboratories, Fort Eustis, Virginia,
April 1968, AD672842.
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1.

I11.

TABLE 24.

Ground
A, Normal Start
B. Normal Shutdown

Power-On Flight
A, Vertical Takeoff
B. Hover I.G.E.

1. Steady
2. Right Turn
3F; Left Turn
4, Control Reversal
a. Longitudinal
b. Lateral
c. Rudder
C. Normal Acceleration
D. Normal Deceleration
E. Max. Rate Acceleration
F. Max. Rate Deceleration
G. Sideward
1. Right
2. Left
H. Rearward
I. Full Power Climb
J. Fwd Level Flight
1. 0.2 Vpe
2. 0.3
3. 0.4
4, 0.5
5. 0.6
6. 0.7
7. 0.8
8. 0.9
9.  Vne
K. Partial Power Descent
L. Right Turn
1. 0.3 Vy
2 0.6 VH
3. 0.9 Vi
M. Left Turn
1. 0.3 Vy
2. 0.6 vy
3. 0.9 Vy
N. Cyclic Pull-Up
1. 0.6 vy
2, 0.9 Vy
0. Collective Pull-Up
1. 0.6 vy
2. 0.9 vy

P. 0.9 V4 Cont. Reversal
1. Longitudinal
2. Lateral

3. Rudder

Q. Normal Landing
1. 6500 1b
2. 7500 1b
3, 8500 1b
4. 9500 1b

Transitions

A. Power to Auto
1. 0.3 Vy
2. 0.6 Vy
3. 0.9 Vy

UH-1H USAGE
Design

. 500
.500

. 400

3.290
.100
.100

010
.010
.010
1.000
1.000
.250
.250

. 250
.250
.250
4.000

1.000
1.000
2.000
3.000
7.000
8.000
15.000
25.000
15.000

1.000

.500
1.000
.500

.500
1.000
.500

. 200
.050

. 200
.050

.050
.050
.050

.100
.300
.450
.150

.100
.200
.050
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SPECTRA

Mild

.250
.250

1.000

2.000
.080
.080

.005
.005
.005
.500
.500
.150
.150

.100
.100
.050
4.000

.300
.500
1.200
4,600
19.500
32.500
20.500
4.460
.400

3.000

.200
.500
.200

.200
.500
.200

.030
.010

.030
010

.005
.005
.005

.200
.250
. 300

015
.030
015

Normal

.500
.500

1.500

2.500
.230
. 240

.010
.010
.010
1.000
1.000
.200
.200

.200
.200
.250
5.000

.500

. 800
1.200
3.800
13.500
26.300
21.000
9.100
1.200

3.000

. 200
. 800
.350

. 200
. 800
.350

.070
.015

.070
.015

.010
.010
.010

.300
. 300
. 350
.050

.050
.100
.050

Severe

.75
.75

1.000

1.000
.500
. 500

.020
.020
.010
1.500
1.500
. 500
.500

.250
.250
.300
$.000

.500
.500
1.000
4.000
6.000
13.3
22.800
16.200
10.000

3.000

. 200
.900
.400

. 200
.900
.400

.150
.030

.150
.030

.015
015
.020

.200
.350
.550
. 100

.070
. 140
.070



Iv.

TABLE 24 -

B. Auto to Power

1. 0.4 Vit
2. 0.6 Vy
3. 0.8 vy
Autorotation
A. Steady
1. 0.4 V“
Z. 0.6 V"
3. 0.8 Vy
B. 60 Kt. Control Rev.
1. Longitudinal
2. Lateral
3. Rudder
C. Right Turn
1. 0.4 Vy
2% 0.6 VH
3. 0.8 Vy
D Left Turn
1. 0.4 VH
2. 0.6 Vy
3. 0.8 Vy
E Auto Landing Appr.
with Pwr Recovery
l. 0.4 Vy
2. 0.6 Vy
3. 0.8 Vy
F Full Autorotation Ldg.
TABLE 25.
GWw: 27,000 1b
Flight Condition
Hover

Transition

308 Voo

9% Vpe

100% Vpe

Exceed Vpe

Landing Flare

Left Turn

Right Turn
Collective Pull-Up
Longitudinal Pull-Up
Longitudinal Reversal
Lateral Reversal

Directional Reversal

Concluded
Design Mild Normal Severe
.100 .015 .050 070
.200 030 .100 .140
.050 015 .050 .070
. 800 .100 . 250 .500
1.000 .300 . 500 1.000
.200 .100 . 250 .500
.010 .00S .008 .010
.010 .005 .008 .010
.010 .005 .008 010
.200 ,030 .090 .150
.250 .090 .150 .250
.050 020 .040 .050
. 200 .030 .090 .150
.250 .090 .150 .250
.050 .020 .040 .050
.080 .005 .026 .050
.100 .020 .050 .080
.020 010 .015 .020
.250 .050 .075 .100
CH-47C USAGE SPECTRA
Alt: 0-6,000 ft
Percent Flight Time
Design Mi1d Normal Severe
1.980 920 1.310 1.110
2,970 2,310 2.630 2.640
4,950 14.770 10,650 9.140
3.960 3.230 3.720 3.510
3.060 1.150 2.190 2.990
1.980 690 1.100 1.410
1 s 320 290 . 370 .510
1.610 1.350 1.420 1.430
1.610 759 1.391 1.430
120 045 042 .043
040 042 043 .043
170 030 070 .090
180 020 .050 065
140 .020 .N20 .035
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GW: 27,000 1b

Flight Condition

Hover

Transition

70% Vpe

90% Ve

100% Vype

Exceed Vpe

Landing Flare

Left Turn

Right Turn
Collective Pull-Up
Longitudinal Pull-Up
Longitudinal Reversal
Lateral Reversal

Directional Reversal

GW: 27,000 1b

Flight Condition

Hover

Transition

70% Vpe

90% Vpe

100% Vpe

Exceed Vpe

Landing Flare

Left Turn

Right Turn
Collective Pull-Up
Longitudinal Pull-Up
Longitudinal Reversal
Lateral Reversal

Directional Reversal

TABLE 25 - Continued
Alt: 6,000 ft-
10,000 ft
Percent Flight Time
Design Mild Normal Severe
1.670 . 740 1.050 1.120
2,510 1.850 2.100 2.110
4.180 11.820 8.760 7.310
3.350 2.580 2.980 2.810
3.350 .920 1.750 2.390
1.670 .550 . 880 1.120
.000 . 230 .290 .410
1.360 .600 1.140 1.140
1.360 .600 1.105 1.140
. 100 .036 .035 .036
.030 .035 .035 .036
.140 .020 .050 .060
.150 .020 .040 .048
.120 .010 .090 .100
Alt: 10,000 ft +
Percent Flight Time
Design Miid Normal Severe
.429 .180 . 260 .230
.630 .460 .530 .530
1.1n50 2.950 2.190 1.830
. 840 .650 . 740 .700
. 840 .230 . 440 .600
. 420 .140 .220 .280
.000 .060 .070 .100
. 340 . 150 .280 . 290
. 340 .180 .157 .218
.020 .009 Lun9 .012
.010 .005 .009 .012
.030 .010 .010 .030
,040 .004 .010 .030
.030 .003 010 .020
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GW: 33,000 1b

Flight Condition

Hover

Transition

70% Vpe

90% Vo

100% Vpe

Exceed Vpe

Landing Flare

Left Turn

Right Turn
Collective Pull-Up
Longitudinal Pull-Up
Longitudinal Reversal
Lateral Reversal

Directional Reversal

GW: 33,000 1b

Flight Condition

Hover

Transition

70% Vpe

90% Vpe

100% Vpe

Exceed Vpe

Landing Flare

Left Turn

Right Turn
Collective Pull-Up
Longitudinal Pull-Up
Longitudinal Reversal
Lateral Reversal

Directional Reversal

TABLE 25 -

Design

.990
1.490
2.480
1.080
1.980

.990

55

Continued

Alt: 0-6,000 ft

Percent Flight Time

Mild Normal Severe
460 .660 .700
1.150 1.310 1.320
7.380 5.480 4,570
1.620 1.860 1.760
. 580 1.100 1.490
.532 . 880 . 895
. 140 .180 .260
. 380 1.313 .710
. 380 L7158 . 710
023 .022 .030
.011 .022 .036
.010 .030 .035
010 .020 .080
o1n .020 .030
Alt: 6,000 ft -
10,000 ft
Percent Flight Time

Mild Normal Severe
370 530 .560
.920 1.050 1.050
5.910 4,380 3.650
1.290 1.490 1.410
.460 . 880 1.190
280 440 .560
.120 .150 .210
. 300 570 .570
. 300 .559 .570
.018 017 .041
.009 017 .039
.010 030 .060
.010 .020 .060
.010 n40 .044



TABLE 25 - Continued

GW: 33,000 1b Alt: 10,000 ft +
Percent Flight Time
Flight Condition Design Mild Normal Severe

Hover .210 .090 .130 .140
Transition .310 .230 . 260 . 260
70% Vpe .520 1.480 1.100 .910
90% Vpe .420 . 320 .370 . 350
1008 Vype .420 .120 .220 .300
Exceed Vpe .210 .070 122 217
Landing Flare .000 .030 .040 .050
Left Turn .170 .080 .140 .140
Right Turn .170 .N80 .110 . 140
Collective Pull-Up .010 .005 .004 .006
Longitudinal Pull-Up .004 .002 .004 .006
Longitudinal Reversal .020 .002 .010 010
Lateral Reversal .020 002 .005 .020
Directional Reversal .010 .001 .002 .010
Gw: 46,000 1b Alt: 0-6,000 ft

Percent Flight Time

Flight Condition Design Mild Normal Severe
tiover 1.010 .810 1.150 1,233
Transition 1.520 1.497 1.858 2.050
708 Vpe 2.530 10.926 6.227 8.000
90% Vpe 2.030 2.830 3.260 3.080
100% Vpe 2.030 1.010 1.920 2.610
Exceed Vpe 1.010 .610 .624 1.230
Landing Flare . 390 . 250 . 320 . 360
Left Turn .820 .660 1.240 1.250
Right Turn . 820 .660 .930 1.250
Collective Pull-Up .060 .040 .038 .053
Longitudinal Pull-Up .020 .020 .031 .047
Longitudinal Reversal .080 .030 078 .078
Lateral Reversal .090 .020 .040 .140
Directional Reversal .070 .010 .090 .110
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TABLE 25 - Concluded
GW: 40,000 1b Alt: 6,000 ft - 10,000 ft

Percent Flight Time

Flight Condition Design MiTd “Normal Severe
Hover 1.050 .120 .160 .180
Transition 1.570 . 200 .330 . 330
70% Vpe 2,620 1.840 1.192 2,052
908 Vpe 2.0890 .400 .460 .440
1003 Vpe 2.090 .110 .270 .370
Exceed Vpe 1.050 LU90 .140 .180
Landing Flare .000 .040 .050 .060
Lett Turn . 850 .090 .180 . 360
Right Turn . 850 .090 .130 .135
Collective Pull-Up .060 .006 .00Ss .008
Longitudinal Pull-Up 020 .003 .005 .008
Longitudinal Reversal .090 .003 .010 .020
Lateral Reversal .090 No2 .010 .020
Directional Reversal L070 L002 L0035 .020

Having developed test spectra for each helicopter, weighting
factors were derived to account for the variability of usage
within the fleet. These weighting factors approximate the
fraction of the fleet which experiences any one of the three
spectra. In developing these factors, two considerations were
included: first, the knowledge of helicopter assignment among
the various usage categories, and second, a knowledge of the
distribution of usage severity within each category. From
these two considerations, a weighting factor for each usage
category may be derived according to the following equation:

EIR=RIRA, SRES (7)
J
where Fi = weighting factor for the ith sp- ctrum
A.. = proportion of time in the ith spectrum for

1) helicopters in the jth mission

B.
J

proportion of helicopters in the jth mission
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Values of the Aj; factor were obtained from a survey of the
usage of helicop%ers in each mission category. The values
were estimated from a review of operational data presented in
various documents, including References 7 through 9. The Aij
for each spectrum for the general mission category of combat
assault, direct combat support, training and testing, and
miscellaneous are presented in Table 26 for the UH-1H and
CH-47C helicopters. For any given mission category, the sum
of the values equals one.

TABLE 26. Aij FOR THE UH-1H AND CH-47C

Mission
Direct Training
Usage Combat Combat and

Helicopter Severity Assault Support Testing Misc.

UH-1H Mild 0.20 0.30 0.20 0.70
Normal 0.50 0.60 0.60 0.20
Severe 0.30 0.10 0.20 0.10
CH-47C Mild 0.16 0.31 0.08 0.20
Normal 0.45 0.56 0.67 0.60
Seversa 0.39 0.13 0.25 0.20

The Bj factor was obtained from fleet assignment infor-
matioh'®»!!., The distribution of fleet assignment for the
last 6 years was plotted and then projected into the future
to determine approximate values for Bj. The frequency dis-
tribution for the Bj's by year and the future projection
are presented in Figures 3 and 4 for the UH-1H and CH-47C
helicopters, respectively. The projected values of Bj for
each helicorter are presented in Table 27.

The weighting factor, Fj, was calculated from the Aj; and Bj
factors for each of the test spectra by using Equat1gn i %he

resulting weighting factors for each helicopter are presented
in Table 28.

19 AIRCRAFT OPERATIONAL UTILIZATION - UH-1H FLEET, Direc-
torate for Product Assurance, U.S. Army Aviation Systems
Command, St. Louis, Missouri.

11 AIRCRAFT OPERATIONAL UTILIZATION - CH-47B,C FLEET,
Directorate for Product Assurance, U.S. Army Aviation
Systems Command, St. Louis, Missouri.
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TABLE 27. PROJECTED B; FOR THE UH-1H AND CH-47C

J
Helicopter Mission Assignment Projected Bj
UH-1H Combat Assault 0.35
Direct Combat Support 0.30
Training and Testing 0.20
Miscellaneous 0.15
CH-47C Combat Assault 0.31
Direct Combat Support 0.52
Training and Testing 0.12
Miscellaneous 0.05

TABLE 28. WEIGHTING FACTORS FOR THE UH-1H AND CH-47C

Helicopter Usage Spectrum Weighting Factor

UH- 1H Mild 0.31
Normal 0.50
Severe 0.19
CH-47C Mild 0.23
Normal 0.54
Severe 0.23

Critical high cost dynamic components of the UH-1H and CH-47C
helicopters were reviewed and selected on the basis of their
impact on the life-cycle cost of each helicopter. The selec-
tion of components was based on the cost per helicopter for
component acquisition, spares acquisition, spares inventory,
and component removal and replacemcnt. The selected compon-
ents for each helicopter, together with quantity per helicop-
ter, calculated replacement time, and recommended replacement
time, are presented in Tables 29 and 30. The calculated re-
placement time is the number of hours computed in the manufac-
turer's substantiation analysis. The recommended replacement
time is the number of hours that the manufacturer recommends
for the actual replacement of components. Only nine compon-
ents were identified on the UH-1H helicopter, because the com-
ponents in the tail rotor system could not be considered in
this study. These components were eliminated because of the
large variation between the calculated and recommended re-
placement times.
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TABLE 29. SELECTED FATIGUE-CRITICAL COMPONENTS FOR THE UH-1H

Component Quantity Replacement Lives

Manufacturer U.S. Army
Calculated Recommended

Main Rotor

Blade 2 2958 2500
Drag Brace 2 3716 3300
Yoke 1 14628 5000
Pitch lorn 2 7080 3300
Scissors 2 4247 3300
Stabilizer Bar 1 6795 3300
Retention Strap 2 3099 2200
Swashplate Support 1 5173 3300
Collective Lever 1 5966 3300

TABLE 30. SELECTED FATIGUE-CRITICAL COMPONENTS FOR THE CH-47C

Component Quantity Replacement Lives

Manufacturer U.S. Army
Calculated  Recommended

Aft Rotor
Shaft 1 3680 3600
Hub 1 9790 uL*
Horizontal Pin 3 9790 2280
Blade Socket 3 4490 4000
Tie Bar 3 2400 2400
Blade 6 4400 4000
Pitch Shaft 3 3820 3800

Forward Rotor

Blade Socket 3 6600 6000
Tie Bar 3 2400 2400
Pitch Shaft 3 8340 3800

* UL - Unlimited Life

Limits (bounds) were then established for the usage of the
components. The recommended retirement life, the most severe
usage expected, was considered the lower 1limit. Then the
three test spectra were used in a substantiation analysis
to establish the upper limits for mild, normal, and severe
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usage. Then these bounds served as the criteria for evaluat-
ing the recording systems. Essentially, the fatigue assess-
ment model for each recording system must predict the compon-
ent fatigue lives between the upper and lower limits for
each of the three test spectra. Tables 31 and 32 present

the upper and lower bounds for the UH-1H and CH-47C helicop-
ter components, respectively.

TABLE 31. UPPER AND LOWER BOUNDS FOR UH-1H COMPONENTS

Upper Bounds

Lower Mild Normal Severe
Component Bounds Spectrum Spectrum Spectrum
Klade 2500 9096. S025, 31160,
Grip Unlimited 244835, 129150, 04938,

(38,9506)
Drag Krace 3300 19967, 12289, 6425,
Yohe 5000 72625, 18417, 24208,
Pitch Horn 3300 21418, 12326, 93349,
Scissors 3300 13394, 7849, 5821,
Drive Link Unlimited 104538, 61219, 44744,

(33,133)
Swpl. Support 3300 22131, 13388, 8395.
Collective Lev, 3300 25545, 15379, 9622.
Stab Bar. 3300 33719, 22479, 16860,
Retention Strap 2200 6197, 3099, 2066.

TABLE 32. UPPER AND LOWER BOUNDS FOR CH-47C COMPONENTS

Upper Bounds

Lower Mild Normal Severe
Component Bounds Spectrum Spectrum Spectrum
Aft Rotor
Shaft 3600. 12,303. 7,203. 4,372,
Hub 9796, 38,113, 21,0064. 12,194,
Horizontal Pin 2280. 38,113, 21,064, 12,194,
Blade Socket 4000, 16,412, 8,783. 6,083,
Tie Bar 2400. 7,209, 3,378. 2,501,
Blade 4000. 7,249, 5,384, 4,613.
Pitch Shaft 3800. 14,435. 8,575. 5,017.
Forward Rotor
Blade Socket 6000, 27,395, 13,546. 10,039.
Tie Bar 2400, 7,209. 3,378. 2,501.
Pitch Shaft 3800. 37,824. 19,872. 13,194,
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TECHNICAL ACCEPTABILITY

The technical acceptability of the monitoring systems was based
on the ability to predict the fatigue lives for all components
between the upper and lower bounds for all the test spectra.

To simulate the prediction of component fatigue lives (the task
of the data processing in the monitoring system), a computer
program, SIMULE, was formulated. To predict fatigue lives, the
SIMULE program must identify the output of the on-board record-
er, assess fatigue damage to the components according to the
recorder output, and compute the fatigue life of the components
on the basis of the fatigue damage assessments and the accumu-
lated flight time. The SIMULE program was run for a 100-hour
sample of each of the test spectra from which the recorder out-
put was simulated. The output of the recorder was simulated

by assigning the flight conditions of the test spectra to the
flight condition categories according to the anticipated vehi-
cle response. The time and counts of the flight conditions in
the 100-hour sample were then accumulated in the flight condi-
tion categories of the monitoring system. As in a standard fa-
tigue analysis, the fatigue computation in the SIMULE program
was based on Miner's Rule of Cumulative Fatigus Damage. Damage
fractions were computed from the recorded outrut and theoreti-
cal damage rates (Equation 1) and then summed to determine the
damage accumulated by the components in the 100-hour sample.
Assuming the 100-hour sample was an average, the component fa-
tigue life was computed. Thus, the SIMULE program computed

the fatigue lives anticipated for the usage identified by the
test spectra. These fatigue lives were then compared with the
upper and lower bounds in the test for technical acceptability.

Of the ten monitoring systems for the UH-1H, six were tested
for technical acceptability: the four FCM methods, 1B, 2C,
2CA, and 3A; and the other two MTM methods, functional as-
signment (FA) and mission segment (MS). The CLM method was
not evaluated because the transfer functions that determine
fatigue-critical component loads from stationary component
loads were not identified. The DM methods were not evaluated
because the assessment of fatigue damage must be derived em-
pirically for each application.

The results of the technical acceptability test for the four
FCM methods are shown graphically in Table 33, which illus-
trates the relationships of the SIMULE-computed fatigue life
of the components to the upper and lower bounds for each test
spectrum. When the computed fatigue lives were between the
upper and lower bounds, indicating technical acceptability,
the corresponding space in the figure was left blank. When
the computed fatigue l1ife exceeded the upper bound, indicat-
ing technical unacceptability, the corresponding space was
filled with an X. When the computed fatigue life was less
than the lower bound, also indicating technical unacceptabil-
ity, the corresponding space was filled with a dot (°).
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Thus, when a monitoring system is technically acceptable, all
the spaces corresponding to the components and all three test
spectra are blank.

The results of the technical uacceptahility tests were as fol-
lows: FCM method 1B was not technically acceptable because
the computed fatigue life of the main rotor stabilizer bar was
outside the bounds established for technical acceptability.
Adjustments were made to the model to improve the assessment
cf fatigue damage with no improvement in the assessment of
damage io the stabilizer bar. FCM method 2C was not techni-
cally acceptable for the same reason as stated for FCM method
1B. Adjustments made to this method did not improve the as-
sessment of fatigue damage to the stabilizer bar. The diffi-
culty in assessing fatigue damage for the stahilizer bar was
traced to the assessment of damage for landings. Of all land-
ings, only full autorotative landings are damaging to the sta-
bilizer bar. In methods 1B and 2C, the autorotative and power-
on landings are combined in the same flight condition category.
Thus damage would be assessed for all landings and not just for
autorotative landings; consequently, the assessment of damage
for the stabilizer bar would be overly conservative.

FCM method 2CA was technically acceptable, since SIMULE com-
puted fatigue lives for all the components between the upper
and lower bounds for all of the test spectra. FCM method 3A
was technically unacceptable because the computed fatigue life
for the main rotor drag brace was above the upper bound for
the severe spectrum. The unconservative assessment of fatigue
damage was attributed to the flight condition category contain-
ing the flight condition of lateral control reversals while
hovering with a ground effect. Since this category contained
less total time, it produced the unconservative (lower) as-
sessment of fatigue damage. Consequently, of the four FCM
methods, only 2CA was technically acceptable.

The two MTM methods, MS and FA, were also evaluated for tech-
nical acceptability. Since the MS method also computed damage
according to recorded elapsed time and theoretical damage
rates, it could be evaluated by the SIMULE program. As pre-
viously discussed, a test case for the MS method was genera-
ted from the design spectrum. With the test case data as in-
put into SIMULE, the component fatigue lives were computed.
Table 33 ccmpares the computations with the upper and lower
bounds. The MS method was too conservative in the assessment
of fatigue damage to the stabilizer bar, main rotor drag
brace, swashplate support, collective lever, and main rotor
blade; therefore, it was technically unacceptable. Since no
damage rates were identified for the FA method, this method
could not be evaluated directly. Instead, its technical ac-
ceptability was based on the acceptability of the MS method.
Since the MS method monitors in-flight data, whereas the FA
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method does not, it was assumed that the MS approach would
vield better predictions of the component fatigue lives.
Moreover, the FA method applies a single damage rate to the
entire fleet and differentiates damage only by flight time.
Since the MS method was technically unacceptable, it was as-
sumed that the FA method was also technically unacceptable.
As a result, the MIM system was judged technically unaccept-
able for both helicopter models.

TABLE 33. TECHNICAL ACCEPTABILITY RESULTS FOR THE UH-1H

SYSTEM 1B 2C 2CA 3A MS
SPECTRUM MNS|MNS]IMNS | MNS|MNS

COMPONENT

Retention Strap

Yoke

Stabilizer Bar ® L ( N N
Drag Brace X L N J
Swashplate Support | N J
Collective Lever |
Pitch Horn

Scissors

Rlade L N

blank - fatigue life between upper and lower bounds
@® - fatigue life below lower bound

X - fatigue life above upper bound

Of the ten monitoring systems for the CH-47C, the six FCM
methods were evaluated. The CLM method was not evaluated
because transfer functions that determine fatigue-critical
component loads from stationary component loads were not
identified. The DM methods were not evaluated because the
assessment of fatigue damage must be empirically defined
for the particular application. The MTM methods were not
evaluated because of the results for the UH-1H helicopter.

The results of the evaluation of the FCM methods for the
CH-47C are shown graphically in Table 34. Again, the spa-
ces are blank for technically acceptable results, filled
with an X where the computed fatigue life exceeds the upper
bound, and filled with a dot (<) where the computed fatigue
life is less than the lower bound. All the FCM methods
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ware technically unacceptable, primarily because of overly
-onservative assessments of fatigue damage to most of the com-
sonents. The conservatism in the fatigue damage assessments
vas a result of condensing the extensive information of the
fatigue substantiation by recording only one of the four pa-
-ameters considered. The fatigue substantiation of the CH-47C
accounted for gross weight, altitude, center of gravity (CG)
position, and cargo configuration. In the methods I through
VA, either gross weight or altitude was monitored since these
appeared to be the important fatigue-damage parameters. As-
sumed as unimportant parameters, CG position and cargo con-
figuration were not irncluded in the consideration of the CH-
47C flight conditions. Since methods I, II, IIA, and IIIA
nmonitored only gross weight, the time in each flight condi-
tion was combined for various gross weights, CG positions,

and cargo configurations. In all the methods, the combination
of flight conditions resulted in spreading the assessment ox
fatigue damage over a greater proportion of the flight time,
which produced the overly conservative assessments.

TABLE 34. TECHNICAL ACCEPTABILITY RESULTS FOR THE CH-47C

COMPONENT CYSTER I 11 IIA IIIA | IVA VA
SPECTRUM |MNS|MNS |MNS|MNS |MNS |MNS

| AFT_ROTOR
Shaf* o o0 0 XoX XX o %
Hub and Horizontal Pin 000 X X X J X X
Blade Socket 000 o o0 [ X J X X
Tie Bar
Blade | xXxx |00@|®®@@| XXX | XXX
Pitch Shaft ( 1) X ( X ) X X

FORWARD ROTOR

Blade Socket 000 0 0O o0 o0 X X
‘ Tie Bar
Pitch Shaft 1% ) [ N ) X X

blank - fatigue life between upper and lower bounds
@ - fatigue life below lower bound

X - fatigue life above upper bound
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Two basically new methods, VI and VII, were considered in order
to find a technically acceptable monitoring system for the CH-
47C. Method VI monitored altitude variations like IVA but with
fewer categories. In addition, n, peaks were counted rather
than timed for each altitude range. Method VII monitored both
gross weight and altitude as the basis of most of the flight
condition categories. The results of the technical accepta-
bility test for these methods are shown graphically in Table
35. Although method VI improved the assessment of fatigue
danage to the components, the improvement was not sufficient

to pass the test. Fatigue damage to the aft rotor shaft, the
aft rotor blade, and the aft rotor pitch shaft was still as-
sessed too conservatively. Method VII was technically accept-
able since the computed fatigue lives for all the components
were within bounds for all the test spectra. Consequently, it
was concluded that gross weight and altitude must both be mon-
itored for reasonable assessments of fatigue damage.

TABLE 35. TECHNICAL ACCEPTABILITY RESULTS FOR REVISED
MONITORING SYSTEMS FOR THE CH-47C

OMPOSENT SYSTEM V] VII
s o SPECTRUM MNS MNS MNS MNS MNS M NS
AFT ROTOR

Shaft o0 ®

Hub and Horizontal Pin

Blade Socket

Tie Bar
Blade [ X X )
Pitch Shaft o090

FORWARD ROTOR
Blade Socket
Tie Bar

Pitch Shaft

blank - fatigue life between upper and lower bounds
@® - fatigue lifc below lower bound

X - fatigue life above upper bound
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The monitoring of gross weight poses a technical problem since
accurate measurements of helicopter gross weight are difficult
in an operaticnal environment*?. Gross weight measurements

wer= accurate only for a level-ground rotors-static condition.
Therefore, because of the limited accuracy of the gross weight
messurements, Method VII was judged technically acceptable
with reservation.

SUMMARY

vf the =ix candidate monitoring systems for the UH-1H and
cight for the CH-47C, only one system for each helicopter was
technically acceptable: system 2CA for the UH-1H and system
VIT for the CH-47C. System VII was technically acceptable
based on the assumption that gross weight could be monitored
ccurataly and reliahly. Since Reference 12 indicated that
*vi=ting state-of-the-art systems could not accurately moni-
tor gross weight, the detailed definiticn of the candidate
monitoring system, as presented in the next section, was lim-
ited to system 2CA for the UH-1H helicopter. However, the
basic recording system and data processing/component tracking

svstem would be identical for either system.

he Dybvad, Richard L., HELICOPTER GROSS WEIGHT AND CENTER OF

GRAVITY MEASUREMENT SYSTEM, Electro Development Corporation,
USAAMRDL Technical Report 73-66, U.S. Army Air Mobility
Research and Development Laboratory, Fort Eustis, Virginia,
August 1973, AD771955.
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DETAILED DESCR.PTION OF CANDIDATE SYSIIM

ON-BOARD RECORDER

The on-board recorder is basically a data storage unit with rrans
ducers to sense flight parameters, comparator circuits to detccs
threshold crossings, and circuitry to accumulate counts in the
storage device. The unit also includes a battery which applies
continuous power to the storage device. The following describes
the recorder components and their operation.

‘he transducers sense airspeed, vertical acceleration, plic.
rate, engine torque, main rotor rpm, and landing gear touch-
down. Specific transducers were not identified, since several
of each type are available. The final selection Of Lransaucers
would depend on acquiring more detailed information on the power
requirements and the reliability of the transducers.

The electrical output of each transducer is conditioned by & low
pass filter and then fed into a comparator circuit as shown in
the schematic of Figure 5. The low-pass filter eliminates noisc
from the transducer output. The breakpoint is set by using a
resistor (R) and capacitor (7) such that 1/RC equals the maxi-
mum frequency desired. In this application, the comparator AT
cuit identifies the airspeed threshold crossings. The threshold
values for the 2CA recorder are tentatively set at 55 and 30
knots. These thresholds, and the other parameter threshoids,
are tentative in that the final threshold levels should be ce-
termined by a flight test program. Altering the threshold

level does not present a problem because the threshold ¢
reset by setting the resistances R2 and Rz of Figure 3 to
values defined by the relationship

il oL

VT = 15 RZ/RS Lo)

where V; = voltage output of transducer at threshold level
R, and R3 = circuit resistances

Thus, if the airspced transducer output is 3.6 volt, the 55-knot
threshold, then an Ry of 40 ohms and an Rz of 1000 ohms woulid
produce the desired result. The output of the comparator, there-
fore, will be high when the transducer output exceeds 0.6 volt,
indicating that 55 knots has been exceeded. The 80-knot con-
parator would be set up similarly. Representing the output of
each comparator as Vgss and Vg, respectively, the comparator
outputs for the airspeed ranges are as follows: Vgg* for air-
speeds less than 55 knots, Vgs-Vgg for airspeeds between 55

* V.- denotes a false logic output of the comparator circuit,
indicating that the airspeed has not reached 55 knets.
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and 80 knots, and Vg, for airspeeds above 80 knots. These
thresholds can be maintained within *0.5 knot with relatively
inexpensive operational amplifiers. To avoid the '"ping-pong"
effect, which occurs when the transducer output oscillates
about the threshold level, a secondary threshold would be
built into the recorder. This secondary threshold will allow
a counter to continue to accumulate data until a threshold
lower than the identified threshold is crossed. After the
lower threshold is crossed, the data would then be accumu-
lated in another counter. The secondary threshold is illus-
trated in Figure 6 for the situation where the "ping-pong"
effect would occur.

. R,
r"M’_' 100K :
Ry 55
A/S R R "t‘_"‘r . ik
N 15—

g—l:

AAA
ViV

»

=15 MAN—

Figure 5. Schematic of Filter Comparator Circuit for Airspeed.
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Figure 6. Effect of Secondary Threshold on Recorder Operation.
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The output of the other transducers will be fod tnrough -

lar filter-comparator circuits which would prouuce outputs
similar to those identified for the airspeed transducer. ihc
various comparator outputs will then be combined by a log::
network that will associate the paramctcers und their thres-
holds to identify the flight condition categories of systen
2CA. The representation of the parameters and their thres-
holds for the flight condition categories is presented in
Table 36. Built-in electronic logic (CMOS) would then use
the comparator output to direct the accumulation of counts in
the storage unit.

TABLE 36. DESCRIPTION OF FLIGHT CONDITION CATEGORIES AS
COMPARATOR OUTPUTS

Flight Flight
Condition Condition
Comparator Output*
Category  Comparator Output* Category
Vee T .
0 55 5 V80 61.2° P10
T . L -. -
1 Lt Q% 6 Vss* Vgo* G1.2° Py
2 T Qg 4 Vss* Vo " 1.2 Py
3 Noisis Mg Mo 8 Veo * G712
& Y80 * €1.2" P10 9 Yss Vg " Tl .2
* The outputs of the parameter transducers are:
Vee indicated airspeed above 55 KT
Veo indicated airspeed above 80 KT
Noe main rotor RPM above 25%
NSS main rotor RPM above 85%
PlO pitch rate above 10°/sec
Rlo roll rate above 10°/sec
G1 2 vertical acceleration above 1.2 g
TL occurrence of a landing gear touchdown
Qg occurrence of autorotation identified by

engine power buss.
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The storage unit consists of two CMOS RAM chips. Each chip con-
tains 256 x 1 bits and is divided into eight 32-bit groups.
Thus, counter 1 occupies bits 1 to 32 of the first chip, counter
2 occupies bits 33 through 64, etc. Each group is a counter
with a capacity of 23! bits of data. (At a rate of one count
every 0.1 second, it would take 6.8 years of continuous record-
ing to fill each counter.) Since the system 2CA only requires
11 counters (the 11th to track total flight time for data pro-
cessing), counters 12 through 16 are spares but could easily

be utilized by identifying the appropriate CMOS logic. Each
counter will consume about 5 microwatts of power in the stand-
by mode, amounting to 80 microwatts for both RAM chips. Two
lithium primary batteries, 0.64 inch in diameter by 1.2 inch

in length, are adequate to power the memory in the standby mode
for 10 years.

I'he counters are accessed sequentially by a binary counter as
shown in Figure 7. The binary counters address each of the
512 bits of the two RAM chips in sequence as follows: the
divide-by-32 binary counter addresses each of the 32 bits
(starting with the least significant bit (LSB)) in each coun-
ter; the divide-by-8 binary counter addresses each of the
counters on a RAM chip; and the divide-by-2 binary counter ad-
dresses each of the RAM chips. Thus che status of the divide-
by-8 and divide-by-2 binary counters identifies which of the

16 counters is being accessed.
FROM RAM T0 RAM r_.ﬁ

ADDER
SET
DATA IN DATA OUT D q

{SuM)
WRITE PULSE —=——y(

CARRY IN CARRY OUT
RESET
L*2
TRAILING EE

£DGE
DETECTOR afid;

FROM COMPARATOR LOGIC

WRITE PULSE

1 WRITE
MODE
alsf6

8 i 32 i 8 52
40960 HZ JOHNSON BINARY BINARY BINARY
CLOCK COUNTER COUNTER COUNTER COUNTER

HERR [ 11 |
U J CHIP SELECT
WA - g J
ADDRESS SELECT couum;vonntss

g

COMPARATOR LOGIC

Figure 7. Schematic of Counter Access and Operation.
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Ihe scatus of thewe binary counters 1s therefore fed to the
comparator CMOS logic to enable the appropriate counter. The
three binary counters are run by a 40960-Hz clock so that all
16 counters can be addressed and incremented, as necessary,
in a 0.1-second interval. To permit the incrementing of coun-
ter values, a divide-by-8 counter is inserted between the clock
and binary counters. This counter separates the time spent in
each bit into read and write modes, where the write mode is
identified as states 4, 5, and 6 of the counter. During the
read mode, the value of the bit is placed on the '"data-in"
line of the adder circuit. (The bit is specified by the
status of the three binary counters.) The bit value is then
incremented by the "carry-in" value of the adder circuit at
state 4 of the counter, and the updated value is written on
the bit from the ''data-out" line at state 5 of the counter.
Simultaneously, the "carry-out" value of the adder circuit is
specified. The '"carry-in" value of the adder circuit is set
equal to 1 if the bit being considered is the LSB of the
counter to be incremented (identified by the comparator CMOS
logic); for the LSB of all other counters the 'carry-in"
value would be zero. When the LSB has been incremented by 1,
the value of the 'carry-out" line will depend on the previous
"data-in'" value. For example, if the previous 'data-in"
value was 0, the ''data-out" value would be 1 and the '"carry-
out" value would be zero. If the previous ''data-in" value
was 1, the ''data-out'" value would be 0 and the "carry-out"
value would be 1 As each of the remaining 31 bits of the
counter are read, they are updated by the carry flip-flop
until the trailing edge detector identifies the end of the
counter (change in the divide-by-32 counter from state 31 to
state 0). At this point, the flip-flop is set or reset
depending on the output of the comparator logic. If the next
counter is to be incremented, then the flip-flop is set;
otherwise, the flip-flop is reset. In this fashion, the
flight time is divided among the various elapsed-time cate-
gories. A separate circuit would be used for each of the
event counters, such as the rotor start/stop counter.

The data is extracted from the RAM chips by simply applying the
512 sequential addizsses to the RAM circuits and writing the
contents on the playback cassette of the retrieval unit.

RETRIEVAL UNIT

The retrieval unit is a portable device whose primary function
is to extract stored data from the recorder while it is in-
stalled on the aircraft. Secondary functions include an auto-
matic test of the recorder logic, calibration of the recorder
comparators, and ground test of the various transducers.

The retrieval unit will be designed to simplify the operator's
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task and yet provide him with a flexible instrument for data
playback and testing. The unit will be lightweight (less than
25 1b) and shaped like a briefcase with hinged cover and handle
for easy carrying. The electronics will be rigidly mounted
within a rugged transit case designed to withstand flight-line
use. It will contain rechargeable batteries to eliminate the
need for aircraft power during data playback. A voltmeter will
be included enabling flight-line calibration of comparator
thresholds, static testing of transducer outputs, battery condi-
tion, and power supply voltages.

Data extracted from the recorder storage is highly condensed.
A lost single bit or an undetected single bit error can dras-
tically change the meaning of the data. Several techniques to
be used to reduce the probability of an undetected error are
as follows:

(1) After each reading of the recorder memory, the recorder
inputs will be excited by test signals from the data re-
trieval unit. This test will add known values to each
of the recorder storage registers. After this test, data
will again be extracted from the recorder, primarily to
check the recorder logic. In addition, when the differ-
ence between the two successive playbacks conforms with
the known test values, the probability is very high that
each playback is correct.

(2) The data from each recorder counter will be extracted
and individually recorded on cassette tape. A gap on
tape will separate the data in each counter. During
the recording of the data in each counter, an error -
code will be generated and recorded. During the play-
back of the cassette tape, the code will permit detect-
ing any errors whose lengths are two bits or more.

(3) The data in each counter will be extracted and recorded
twice. Each recording will be separate and will contain
the error code described in (2).

In the test mode, analog signals are generated and applied to
the recorder comparators. If the recorder is functioning prop-
erly, a specific number of counts will be added to the contents
of each counter. After the application of the test signals,
the value of all counters along with the error code will be re-
corded twice. The data processing center will then be able to
compare the before-test and after-test counter values to de-
termine the recorder validity.

Periodically the operator will check the comparator threshold
levels, the transducer static outputs, and the recorder bat-
tery voltage. The status of the comparator outputs will be
indicated by lamps on the retrieval unit. The operator will
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rotate a potentiometer and observe the voltage when each com-
parator changes state. The correct voltage readings will be
shown by a card on the retrieval unit.

The operator will then connect the voltmeter to each transducer
output by a thumbwheel switch and observe each output voltage.
The correct readings will also be shown by a card on the re-
trieval unit. Another adjustment of the thumbwheel switch will
connect the voltmeter to the recorder battery so that its con-
dition may be checked.

DATA PROCESSING CENTER

At the data processing center, such as the Directorate of
Product Assurance at AVSCOM, the recorded data would be con-
verted into assessments of fatigue damage. The effort would

be divided into three tasks: 1initial processing, fatigue dam-
age assessment, and component tracking management. Each task
was developed as a separate system, with appropriate interfaces,
to form the data processing system. The function of each system
is as follows:

1 The initial processing system (IPS) checks the
parity and built-in-test (BIT) data to detect
circuitry malfunctions and the recorded data to
detect transducer malfunctions. From these
checks, the recorder malfunctions would be de-
tected and the lost and invalid data would be
conservatively estimated. This system also
maintains information on the status of all re-
corders to permit preparing reports for mainten-
ance actions.

2r In the fatigue damage assessment system (FDAS),
the fatigue damage to the individual fatigue-
critical components is assessed according to the
specified aircraft serial number. The damage
is assessed on the basis of the accumulated
counts in the flight condition categories and
the conservative damage rates.

3. In the component-tracking management system
(CTMS), the status of the individual fatigue-
critical components is updated. The status
includes the total damage accrued by the com-
ponent, the rate at which damage is being ac-
crued, and the time remaining until component
removal. Files are updated after each record-
ing for the part and are maintained until
component retirement.
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Reports for the tat:gue-critical compenents are generatel 'n
the CTMS and include: an aircraft status report which details
the status of all its fatigue-critical components, a logistics
report that projects the demands on component spares for each
base of operation, and a maintenance report which identifies
the components that require retirement. The aircraft status
and logistic reports are periodic, issued monthly or quarterly,
and the maintenance report is a special report, issued as re-
tirements become necessary.

The processing tasks are performed on the retrieval unit output.
The general informaticn, base of operation and date, is written
on tape from circuits internal to the retrieval unit. The circ-
cuit for the base of operation is semipermanent since the thumb-
wheel input is covered to prevent accidental change. The cir
cuit for the date is readily accessible, allowing the operator
to input the appropriate date. The header information, recorder
serial number, aircraft serial information, and aircrart log
time, is written on tape from circuits internal to the on-board
recorder. The recorder serial number is hard-wired into the
unit; the aircraft serial number is semipermanent (the input
thumbwheels are covered during installation to prevent acci-
dental change); and the aircraft log time is manually fed in

by the operator at the time of recording. The log time input
can be retained as a reference value until the next recording

is made. Having read the header information, the retrieval

unit begins an automatic sequence whereby the recorded data is
read, the built-in tests are performed, and the final counte»
values are written on the output tape. Each segment of the
output and =ach counter value is separated by a gap in the tapc,
thus isolating each word. The output for each aircraft will be
similarly separated by a larger gap. The processing operations
performed on these data by the separate systems are outlined in
the following.

Initial Processing System

When the cassette is received at the center, it is read into
the initial processing system (IPS) where the data is checked
for errors caused by recorder or retrieval unit malfunctions.
The IPS basically contains, as shown schematically in Figure &,
three checks on the recorded data: the parity checks performed
by the retrieval unit and IPS during the read opecration, the
built-in tests performed by the retrieval unit, and various
checks performed on the contents of the counters. The parity
checks can detect read errors down to those two bits in length,
thus disclosing most of the read errors. The retrieval unit
provides singly redundant output for the counters as a measure
against the total loss of data when read errors do occur.

After the parity checks are completed, the BIT data are cvalua-
ted. Since the retrieval unit interrupts the transducer input
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to the comparators to input a series of test inputs, the BIT
data reflects a test of comparator, logic, and counter circuit
operation. The test is simply a comparison of the recorded
data, incremented by the predetermined number of counts in the
BIT, and the final counter values. Again, a single redundancy
is included to prevent loss of information by random read errors.
When the BIT data and the final counter values agree, the cir-
cuitry of the recorder is presumed intact; when the values dis-
agree, the circuit being considered is presumed to have malfunc-
tioned. If the counter contents are presumed invalid, the
error switch Zj is set in the on position, and the data for
this counter is conservatively estimated.

Since the retrieval unit does not reset the counters at the
conclusion of the data extraction, the counters contain totals
(inclusive of all previous data and BIT counts). Since the
counter capacity is so large, 2°' total counts, it will not be
exceeded in normal operation. However, the counter could be
filled as a result of a malfunction. As a check on this mode
of failure, the counter contents will be compared with its
capacity. If the counter is saturated, then the data is as-
sumed invalid, and the error switch is set in the on position.
The assessment of fatigue damage is made on a record-by-record
basis, and therefore the total counts accrued in the counters
must be converted to incremental values. To obtain the incre-
mental counts accrued over the last reporting period, the pre-
vious totals must be subtracted from the current readings. The
previous totals are maintained by recorder serial number in a
status file, along with the following information: pase of
operation, aircraft serial number, date of data extraction, and
aircraft log time. Incremental counts are used in the assess-
ment of fatigue damage to circumvent the problems which the use
of the counter totals would produce when components or recorders
would be replaced. Essentially, the problem would be that the
IPS must maintain the initial event for cach component in addi-
tion to the data already being maintained. This maintenance
would produce a large increase in the storage requirements of
the IPS and would, in a sense, duplicate the purpose of the
CTMS file. By passing incremental values to the FDAS and then
to the CTMS, the IPS storage for individual components can be
avoided. When componznts are replaced, a special reading of
the recorder should be made to establish the initial value from
which the incremental counts for the new components can be
determined. After recorder malfunctions are repaired, the
counters should be reset to zero, and again a special read-

ing should be made. In most instances, resetting the coun-
ters to zero would produce a negative increment in counts
during the next processing operation. Since the IPS would

be structured to prevent negative increments, the resetting

of the counters could be presumed if the special reading was
not conducted.
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Presuming that the data have passed both parity and BIT checks
and that the incremental counts have been defined, the re-
corded data are checked to verify the proper operation of the
transducers. These checks are only general since they com-
pare the data to reasonable limits. The checked recorded
data include the record time (ATR), derived as the sum of
all the time counters, the number of landings (aNp), and the
count of rotor start/stop cycles (ANp). ATR is compared to
the flight time (ATg) which is accumulated in a separate
counter by monitoring the clock. When the values of ATRp and
ATgp agree, the counter contents are presumed to be Valig.
However, when they disagree, a malfunction is presumed to
have occurred. To determine which of the two is in error,
the increments in log time (ATy;) and calendar time (AQp) are
considered. If both ATR and AT are reasonable with respect
to ATy, then the one closest to AT| with consideration of
AQr will be chosen for further processing.

If ATp is selected, the time counters are presumed to have
malfunctioned, the error switches are set in the on position,
and the data for these counters are conservatively estimated.
When any of the time counters have been shown to be defec-
tive by the parity or BIT data, ATR cannot be determined ac-
curately. In this situation, the unaffected time counters
will be presumed valid, and the data for the malfunctioning
counters will be estimated by using ATg. First, however, ATg
will be compared with AT| to determine if it is valid.

The check on the number of landings simply compares the num-
ber of landings performed in either the record or the flight
times to limits based on the maximum and minimum flight dur-
ations. For this check, the number of landings should in-
clude both the power-on and power-off landings to obtain an
accurate landing rate. When the violation of either limit of
landing rates is interpreted as a recorder malfunction, the
error switch is set in the on position for both counters, and
the data are conservatively estimated. The count of rotor
start/stop cycles will be made similarly. Limits will be
established for the maximum and minimum number of cycles that
can be performed in either the record or the flight times.
Again, the violation of the limits results in a conservative
estimate of the incremental counts.

When the error switch has been placed in the on position for
any counter, a conservative estimate of the recorded data
will be made. The data are estimated from the maximum rate
of accrual of counts for the counter considered for its base
of operation and the duration of the record, ATg, ATg, or
ATy,. The maximum rate of accrual for each counter for each
base of operation will 2 maintained by the I[PS in the re-
corder status file. The maximum rate will be continuously
updated by only valid data.
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MMter oli the Jata checks have been completed, the recorder
status file is updated with only data that have passed all
the data checks. Arranged according to recorder serial num-
ber, the status file contains the following information which
1s updated with each valid record: base of operation, date
of data extraction, index of data record, aircraft serial num-
ber, total log time (T|), total record time (TR), total count
in each counter, total bit counts, and recorder malfunction
codes (updated with cach record). Other information not
stored by recorder serial number but maintained by the status
file includes the pre-established BIT count and the maximum
count accrual rates for data estimation.

After the data has been estimated, the IPS generates an output
tape which includes the processed data for each aircraft. This
tape is used as i:;put to the FDAS and includes the following
information for each aircraft serial number: base of opera-
tion, date of data extraction, total log time, total record
time, and check bit#* and data for each flight condition cate-
gory. In addition to the tape output, the IPS generates a
special report on the status of the recorders. This report
lists the malfunctioning recorders and their malfunction codes
identifying the mode or modes of recorder failure. Each base
of operation will receive a report with the records pertinent
to the base. The report will list recorders by serial number
and in the order of their appearance in the retrieval unit out-
put, along with the aircraft serial number.

Fatigue hamage Assessment System

At the completion of the IPS run on the cassette from a given
base cf operation, an output tape containing the processed
data for each aircraft serial number is generated. This in-
formation is then fed to the FDAS, where fatigue damage is
as:essed as shown in Figure 9. The fatigue damage to each
component type is assessed according to Equation (1), expanded
here for clarity:

N
AD(J) = ] T(I)-C(I,Jd),J =1,M (9)
I=1

where AD(J) = the incremental damage to the jth component
type for the record

* The check bit identifies whether the data for the flight
condition category is actual or estimated.
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processed counter value for the ith flight
condition category (from IPS output)

T(I)

C(I,J) = theoretical damage rate for the jth component
type for the ith flight condition category

number of flight condition categories

=
n

M
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Figure 9. Flow Chart of FDAS Processing.
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Since the derivation of the theoretical damage rates was dis-
cussed under the monitoring concept, it will not be repeated
here. The damage rates for each component type are maintained
within the FDAS file. A sample of the damage rates for the
UH-1H FCM System 2CA is presented in Table 13.

Since the counter values listed on the IPS output tape may be
either actual or estimated, the estimated values must be sep-
arated to compute the estimated fatigue damage. The counter
values can be separated by sorting the processed data with the
check bit provided for this purpose. Once the counter values
are separated, the fatigue damage may be computed for both the
actual and estimated data. Taking the ratio of estimated dam-
age to the sum of actual and estimated damages yields the es-
timated iro>ction of damage for this record. The overall frac-
tion of total damage estimated can then be determined in CTMS
using this proportion and the component history.

The output of the FDAS includes the following ‘nformation for
each aircraft serial number: base of operation, date of data
extraction, incremental damage to each component type, and
fraction of the estimated incremental damage. This informa-
tion is again written on tape for input to the CTMS where the
incremental damage is applied to the individual components.

Component Tracking Management System

The component tracking management system (CTMS) comprises the
software to accumulate and retain the fatigue damage on each

of the serialized components. The function of the CTMS, there-
fore, is to accept the incremental damage to the component types
for each aircraft serial number from the FDAS and apply it to
tne appropriate serialized fatigue-critical component. In ad-
dition, the CTMS generates projections on the removal of the in-
dividual components based on the fatigue damage accumulation.
Finally, the CTMS produces reports on the status of the fatigue-
critical components for command, logistics, and maintenance
usage.

The RAMMIT system was investigated to determine whether or not
the accumulation of fatigue damage to each of the serialized
components could be integrated into the current reporting sys-
tem. Since the RAMMIT system currently maintains information
other than fatigue on some of the fatigue-critical components,
the use of this system for fatigue damage information would re-
duce the cost and problems involved with the development of the
monitoring system. Jdeally, the RAMMIT system and several of
its reports (namely, the TASIR, CASIR, ACTION, GLIM, and MIT)
would be used for the presentation of fatigue information.
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The 1nvestigation of the RAMMIT system was begun «t AVECIM w.oth
the identification of the data file structure. The composite
file containing data from Forms 2410 and 24J7,/35 was identificc
as the file from which components could be tracked. This Cliic
contains information on the components by air:raft seriai aun-
ber. General information is included on the maintenance ac-
tivity and repair codes, end item maintenance, componcnt re-
moval, and component installation. Modifications would he .iade
in the component removal and installation parts of the file.
Each part of the file contains similar information, as shown in
Table 37. This information should be expanded to includc the
following: (1) total damage, (2) fraction of total auimage cs-
timated, (3) time and damage increments, (4) time to removal of
component, and (5) projected date of removal.

TABLE 37. CONTENTS OF COMPONENT REMOVAL AND INSTALLATION
SEGMENTS OF COMPOSITE FILE

Field Type*
Document Number X
Date of Component Removal (or installation) AN
Component Federal Stock Number (FSN) X
Component Serial Number (S/N) A
liffect Code or Man-Hours (for installation) X,N
Time Between Overhaul (TBO) N
Hours Since New (HSN) hY
Hours Since Last Installation (HSLI) N
Hours Since Overhaul (HSOH) N
Number of Overhauls N

Filler (on installation segment only)

*X = alphanumeric, left justificd
N = numeric, right justified

To insert this information into the status file, to update the
current RAMMIT system to the modified file, and to make the sy:-
tem compatible with the recording system requires the following
modifications, which are shown schematically in Figure 10.

(1) A program will be needed to expand the existing
composite file to the additional capacity. This
is a simple programming effort with the input
tape in the old format and the output tape in *he
new format. The new fields should be zero-filled
on the output tape. The amount of computer tim
to run the job depends on the number of records
and the number of tapes. This time will be .ig-
nificant since this file is already extremely large.
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(2)

(4)

(5)

(6)

Tne ex.uting program which combines the 2410
tile and the 2407/8 file into one will have
to be modified. The actual merge on the ex-
isting sequence (A/C SN, WUC (work unit code))
can ke left the came. The output tape format
will bhove to be lengthened, and the program
must I molified to zero-fill new positions.

The program which merges the newly combined
composite file and the existing composite file
master will have format changes. Since both
input tapes will now have the additional fields,
the input formats specified in the program must
he changed. The output format will also have to
be changed.

The master tape must be sorted by both component
and aircraft serial number before running the
program which inserts the new data. If a sort
is not alrcady available to do this, one must be
set up. Most sorts used at AVSCOM are tape
utility sorts. The sort fields and record
length must be specified in the sort. In addi-
tion, the record length of all sorts already
prepared for the composite master file will

have to be changed. This change should re-
quire only repunching the RECORD card in the
sort execution deck.

A program to insert the new data must be writ-
ten. Input to the program will be the com-
pcsite file master tape sorted by component
serial number and aircraft tail number and the
cards with the data to be inserted. The cards
are in the same sort order as the tape. If
the component serial number and aircraft serial
number on the input card do not match with a
component serial number and an aircraft serial
ipumber on the input tape, a check message will
he printed. This program will calculate the
accumulation of hours and the predictions.

The output tape is in the extended length for-
mat.

A new report generator will be written to show
the status of the component in terms of flight
hours and to show the predictions calculated.
This program will involve the design of the re-
port format and the data movement to the approp-
riate fields. The input tape will be the master
composite file tape after the insertion program
has been run.
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(7) All existing report generators must be changed
to accept the new format of the input tape (the

extended length).

Any programs that use the

new data file will have changes in the output
header lines and the report line format; the
code must be inserted to move the new fields to

the report line.

I5PUT
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PROGRAM

2 -Mod. Tape
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|

PROGRAM |
-Modify 1/0
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Figure 10. Modifications to the RAMMIT Systenm.



Although these modifications to this file will permit tracking
the critical components, there are three major deficiencies

in the data: (1) the data entering the file has a time lag

of from 9 to 12 calendar months, (2) the data in the file is
incomplete, and (3) the data in the file is full of incon-
sistencies.

Because of these deficiencies, this file and the existing sys-
tem could not yet produce useful reports. After a thorough
investigation and conversations with concerned AVSCOM person-
nel, it was decided that new data files and report generators
should be established to perform the CTMS function efficiently.

To perform the CTMS function, the separate file must contain

a status file to maintain information on each serialized
fatigue-critical component of each monitored aircraft. The
status file must first be established for all components al-
ready in use. The information required for each component in-
cludes: an estimate of damage accrued to date, accrued flight
time and damage over the previous 6 months, estimated time to
removal, and date of removal. This history information may be
input by card image or magnetic tape, or both. However, the
program will require that the history data be sorted in the se-
quence of FSN part number (P/N), serial number (S/N), and air-
craft serial number (T/N). Utility sorts, such as those at
AVSCOM, can be used for this sequencing. To avoid duplicate
inputs, the program written for the status file will flag du-
plicate data and check for valid inputs. The status file for
the CTMS will be maintained on tape. Therefore, the output

of this program and the program that updates the status file
with FDAS output will be on tape. The program utilizing the
FDAS output will be the working program of the CTMS, since

the status of components will be updated solely by the FDAS
output during the monitoring system operation.

Before the FDAS output can be accepted by the working program,
it must be sorted into P/N-S/N-T/N sequence. Again, utility
sorts could be used. Once accepted, the data are used to up-
date the status file, the contents of which are shown in Table
38. The update is performed as follows:

(1) The incremental damage (AD) is added to the
total dainage.

(2) The fraction of damage estimated for the in-
cremental data is changed to a new fraction
of total damage estimated.

(3) The incremental log time (4Tp) is added to the
time since the new (TSN).

(4) The record time (ATR) is used to update the
time increments AT1 through AT6 as follows:
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LTI = ATp(r) (10)
AT2 = ATp(r) + AT (r-1) (11)
AT3 = ATp(r) + AT, (r-1) (12)
AT4 = AT_(r) + AT, (r-1) (13)
ATS = ATp(r) + 4T, (r-1) (14)
AT6 = ATR(r) + ATS(r-l) (15)

(5) The incremental damage is used to update the
damage increments AD1 through AD6 similarly
as for the time increment update.

(6) Three damage accrual rates are then computed:

DL D6 D
AT1’ T6’ TSN

(7) The time to removal (ATR) is then computed from
the most severe damage accrual rate and the re-
maining damage fraction (0.95-D).

(8) The projected date of removal (TRCAL) is then

computed according to the ATR, the time accrual
rate, and the date of data extraction.

TABLE 38. CONTENTS OF STATUS FILE

Component, Federal Stock Number, Part Number

(FSN, PN) X
Co. ponent Serial Number (S/N) X
Aircraft Serial Number (T/N) X
Base of Operation X

Total Damage (D)
Time Since New (TSN)
Time Incroments (ATl through AT6)

ZzZ Z2 Z Z

Damage Increments (ADl through AD6)
Time to Component Removal (ATR)

Projected Date of Component Removal (TRCAL)

*X = alphanumeric, left justified
N = numeric, right justified
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Three reports are then generaced from the status file, as shown
in Figure 1l. Each of the repourt generators requires a look-up
table to find the proper nomenclature for each P/N-S/N combina-
tion. If not already available on a disc, this table will be

stored on a disc to make
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Report I is a monthly listing of the fatigue damage informa-
tion (Figure 12) by T/N. The report generator requires both
the status file sorted by base and in the P/N-S/N-T/N sequence
and the P/N-nomenclature look-up tables as inputs. Again, the
utility sort is used on the status file. Since this informa-
tion is to be reported to the command, the report is generated
for each base. When all the information for one base is com-
pleted, the next base is listed, etc. For each base, the in-
formation is listed by T/N. For each T/N, this table lists
the component P/N, P/N nomenclature, component S/N, damage ac-
crual rate, Jamage fraction, percentage of estimated damage
fraction, time to removal, and projected date of removal. The
component P/N, P/N nomenclature, and component S/N are self-
explanatory. The damage accrual rate is the most severe dam-
age accrual rate (in units of damage per hour of remaining
life) computed in the CTMS program. The time basis of the
damage accrual rate is indicated by the footnotes which specify
whether the rate is based on the previous data (P), on the
previous 6 months of data (S), or on the total data (T). Since
the projections of replacement dates are based on the damage
accrual rate, the user should know the basis for the projec-
tions. The damage fraction (relative to a scale of 1) is the
amount of damage accumulated by the component at the date of
the last recorded data (in this application, 1 May 1974).

The percentage of the damage fraction estimated represents

the damage due to recorder malfunction. The remaining life

is the number of flight hours required to reach a damage
fraction of 0.95 based on the reported damage accrual rate,
Based on the time to removal and the flight hour accrual rate,
the replacement date is the time when the remaining life will
have expired. Footnotes indicate whether the replacement

date is within the next 3 months or past, that is, the damage
fraction of 0.95 has been exceeded. This report is generated
only for those components whose damage fraction is equal to or
greater than 0.7. A warning that replacement is overdue is
printed on any component whose fraction is equal to or greater
than 0.95.

Before the generator for Report II is run, the status file must
be sorted into the TRCAL, P/N, S/N sequence (by using the util-
ity sort). This program uses the P/N-nomenclature look-up
table, the sorted status file, the sorted removal file, and an
input cai1d with the current calendar data as inputs. In Report
IT (Figure 13), the basic report format includes a listing of
(1) the number of removals, identified by P/N and nomenclature,
projected for the 0-3 month, 0-12 month, 12-15 month, and 12-24
month intervals and (2) the number of removals made in the pre-
vious 3 months. There will be two separate listings: one for
the individual bases and the second for the fleet. The report
is intended for inventory control since it provides advanced
information on component replacements.
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Report III is a quarterly maintenance report. The status file
must be sorted into the TRCAL, P/N, T/N and S/N order before
running the corresponding report generator. The utility sort
would again be used. The required inputs are the P/N-uomencla-
ture look-up table, the sorted status file, and an input card
with the current calendar data. This program will generate
listings ordered by date of replacement (TRCAL). There will be
two sets of information, one for replacements due in 0-3 months
and the other for overdue replacements. As shown in Figures

14 through 17, each set will be listed in two sort sequences:
(1) by the TRCAL, T/N, and S/N sequence with an ordering by
P/N and nomenclature, and (2) by the TRCAL, P/N, and nomencla-
ture sequence with an ordering of T/N.

When component replacements occur, the status file must be up-
dated. To track component removals and their replacements,

a form, such as the update form shown in Figure 18 (or the
input to the 2410/2407/8 file, if it were current), could be
used. This information would be fed according to date to the
status file to ensure that damage increments are associated
with the correct serial number. Depending on the reason for
component removal, the status will be updated. If the time
expired or the component failed, the data in the status file
would be moved to a removal file. If removed for modification,
service, or as a precautionary measure, the status information
will be retained in anticipation of further component usage.
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TECHNOLOGY INCORPORATED HIP UPDATE FORM
BASE: ~ Jac TAIL NO) A/C TYPE/MODEL
REPLACEMENTS ACCOMPLISHED \ 4 REASON REMOVED (X
A/C HOURS MO/DAY/YEAR MECHANIC .'x‘::‘ o FAILED :::'ﬂ“ MOD SEAVICE
1] 2| 3] 4] 5]
€ n
O €| RemovED PART PN N
p M
0 0W INSTALLED PART P/N SN
N x g
: L Tw: m:
T8
REMARKS:

Figure 18. Update Form for Component Removals.
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LIFE-CYCLE COST ANALYSIS

The life-cycle costs for System 2CA for the UH-1H and System
VII for the CH-47C were analyzed using the Cost-Effectiveness
Analysis Program (CEAP) described in Appendix B. Although
System VII was not described in detail, the life-cycle costs
should not differ from those of System 2CA, except for the on-
board recorder and related costs.

The life-cycle costs of the candidate monitoring systems were
determined for 10- and 15-year periods of operation on each
fleet assuming constant 1973 dollars. Two thousand aircraft
were considered for the UH-1H fleet, and 500 were considered
for the CH-47C. Life-cycle costs included the development,
production, implementation, and operation of the monitoring
system. Development costs were further detailed for the (1)
on-board recorder prototype, (2) retrieval unit prototype,

(3) data processing software (IPS, FDAS, and CTMS), (4) prep-
aration of an ECP for recording system installations, (5)
recorder qualification tests, (6) recorder flight tests, and
(7) technical orders and other documentation. Production
costs were identified for the on-board recorder, the heli-
copter installation kit, and the retrieval unit. Implementa-
tion costs included (1) installing the on-board recorder,

(2) compiling the deta base for the computer programs, (3)
outfitting the overhaul and repair stations, and (4) training
Army personnel. Operational costs included maintenance man-
hours for both recorder and retrieval units, spare parts,
software operation and report production. Tables 39 and 40
summarize these cost factors for the UH-1H and CH-47C and
present the monitoring system life-cycle costs. The non-
recurring unit costs reflect the production cost of the recor-
der and retrieval unit. The final recorder unit cost compares
very well with the target cost for the UH-1H identified in the
recording system survey. The recurring unit costs represent
the operational costs. For the retrieval unit, 150 units were
assumed fcr the analysis, one for each base of operation plus
spares. Spares for the recorder and retrieval units were con-
servatively provided for by 5% and 10% annual replacement rates
for circuitry and transducers, respectively. Processing costs
were based on contractor rates. Maintenance costs were based
on the Army composite rate of $10.34 per hour. The life-cycle
costs were computed as described in Appendix B. The life-cycle
costs for the 10- and 15-year periods were $10.54 and $13.02
million for the UH-1H and $4.82 and $6.15 million for the CH-
47C, respectively.
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TABLE 39. MONITORING SYSTEM COSTS FOR THE UH-1H

UNIT COST

COST FACTORS (Dollars)
FIXED
DEVELOPMENT 444,000
QUALIFICATION 29,000
PREPRODUCTION 10,000
UNIT
NONRECURRING
Recorder 1939
Retrieval 1419
Installation
RECURRING
Maintenance 31.02
Spares,
Recorder 148.46
Retrieval 91.35
Processing 62,00

LIFE-CYCLE COST

(Millions)
10 ¥r 15 Yr
.444 .444
.029 .029
.010 .010
3.878 3.878
213 .213
1.000 1.000
.620 .931
2.969 4,545
.137 .206
1.240 1.860
10.54 13.0?

TABLE 40. MONITORING SYSTEM COSTS FOR THE CH-47C

UNIT COST
COST FACTORS (Dollars)
FIXED
DEVELOPMENT 444,000
QUALIFICATICN 29,000
PREPRODUCTION 10.000
UNIT
NONRECURRING
Recorder 2430
Retrieval 1419
Installation 500
RECURRING
Maintenance 51.02
Spares,
Recorder 225.28
Retrieval 91.35
Processing 62.00

100

LIFE-CYCLE COST

(Millions)
10 Yr 15 Yr
.444 . 744
.029 029
.010 .010
1.215 1.215
.213 213
.250 .250
.155 .233
1.126 1.690
137 . 206
1.240 1.860
4,819 6.150
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Savings generated by extending component retirement times were
based on the component data presented in Tables 41 and 42.

This data includes component cost, maintenance man-hours (MMII)
required for replacement, man-hours (IMH) for the inspection

of component replacements, the Army composite rate, and the
representative usage for the components. The representative
usage for the mild, normal, and severe spectra was determined
from the analysis by the SIMULE program. Each of the three
spectra were input and the program simulated the recorder out-
put and projected retirement lives as the processing would
during system operation. Savings were computed using the above
information and two other assumptions. It was assumed, first,
that the helicopter was flown 60 hours per month throughout the
10- and 15-year periods, and second, that the observed usage
was a combination of the mild, normal, and severe spectra in
the ratio of their weighting factors. As described in Appendix
B, the CEA Program computed savings of $11.63 and $26.38 mil-
lion for the UH-1H over the 10- and 15-year periods, and $9.35
and $34.43 million for the CH-47C over the same time periods.

TABLE 41. COMPONENT DATA FOR THE UH-1H LIFE-CYCLE
COST ANALYSIS

COMPONENT COST  MMH  IMI  RATE USAGE

Main Rotor Design Mild Normal Severe
Blade 3100 6.9 .17 10,34 2500 3854 2922 2602
Drag Brace 64 7.0 17 10.34 3300 17179 10882 5862
Yoke 670 1.5 .17 10,34 5000 72472 45372 24198
Pitch Horn 33 7.0 17 10,34 3300 15268 8770 6937
Scissors 37 7.0 .17 10,34 3300 9502 5620 4455
Stabilizer Bar 251 304 .17 10,34 3300 16778 11204 8403
Retention Strap 150 8.1 .17 10.34 2200 6087 3049 2032

Swashplate Support 131 3.9 .17 10,34 3300 16428 10149 6895

Collective Lever 37 2.7 .17 10,34 3300 19118 11816 8011

The benefit to the Army was computed as the difference in moni-
toring system life-cycle cost and the saviigs generated over
the same time period. For the UH-1H, the benefit was §$1.09
million for the 10-year period and $13.36 million for the 15-
year period. For the CH-47C, the benefit was $4.53 and $28.28
million for the same time periods.
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TABLE 42.
COMPONENT CosT
Aft Rotor

Shaft 8472
Huh 5094
Horiz. Pin 604
Blade Socket 1251
Tie Bar 612
Blade 11418
Pitch Shaft 1481
Forward Rotor
Blade Socket 1280
Tie Bar 612
Pitch Shaft 1481

COMPONENT DATA FOR THE CH-47C LIFE-CYCLE
COST ANALYSIS

W IMH
20.0 .17
10.0 .17
8.7 .17
9.0 .17
2.4 .17
7.4 .17
1.6 .17
9 .17
2.4 .17
1.6 17

RATE

10

10,
10.
10,

10.
10,
10.

.34
10.
10,
10.

34
34
34

Design Mild Normal Severe
3680 7682 47065 4056
9790 23154 13994 10690
9790 23154 13994 10690
4490 10238 6236 5420
2400 5548 2590 1968
4400 . 6756 4976 4465
3820 8821 5517 4409
6600 13689 8410 7302
2400 5548 2590 1968
8340 19272 12023 9392

Since the UH-1H System 2CA was detailed as the candidate moni-
toring system, the life-cycle cost analysis included the in-
vestigation of the effect of fleet size and usage severity on
A range in fleet size

the benefit of the monitoring systen.

of 1000 to 2000 aircraft was considered.
life-cycle costs is shown in Table 43 in millions of dollars
for the 10- and 15-year periods.
benefit is negative for the fleet of 1000, indicating that

this fleet is too small to be cost-effective.

The effect on the

For the 10-year period, the

The break-even

point would be approximately 1325 units for the 10-year period.
For the 15-year period, the benefit is substantial for the

fleet sizes considered.

340 units.

TABLE 43.

The break-even point is approximately

EFFECT OF FLEET SIZE ON THE LIFE-CYCLE COST
ANALYSIS OF THE UH-1H FCM SYSTEM 2CA

Fleet Size 10 Year® 15 Year®*
Savings Cost Benefit Savings Cost  Benefit
1000 5.82 6.31 -.51 13.19 7.89 5.30
1500 8.72 8.42 .30 19.78 10.46 9.32
2000 11.63 10.54 10.54 26.38 13.02 13.36

* all figures

arc in millions
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The effect of usage severity on the UH-1H monitoring system
benefit is shown in Table 44 in millions of dollars. Change
in usage was '‘expressed as changes in the weighting factors,

as described in the Evaluation Criteria section. The weight-
ing factor changes were based on the historical changes in the
UH-1H usage, as depicted by Figure 3. The distribution of
usage (Bij's) was identified for three different times, and
weightiné factors were then computed. The times were selected
to represent the range of usage distribution. The resulting
efgect on weighting factors and the benefit are shown in the
table.

TABLE 44. EFFECT OF USAGE ON THE LIFE-CYCLE COST
ANALYSIS OF THE UH-1H FCM SYSTEM 2CA

Weighting Factors 10 Year* 15 Year*

Mild Normal Severe Savings Cost Benefit Savings Cost Benefit
.31 .50 .19 11.63 10.54 1.09 26.38 13.02 13.36
.27 .52 .21 10.83 10.54 .29 25.16 13.02 12.14
.24 .50 . 26 10.02 10.54 -.52 23.45 13.02 10.43

* all figures are in millions
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SUMMARY AND CONCLUSIONS

In an effort to identify a means of monitoring and assessing
fatigue damage to helicopter components, a feasibility study
of various monitoring methods was conducted. Off-the-shelf
recording systems were investigated with the result that none
could capably perform the required monitoring in a cost-
effective manner. Consequently, an alternative recording
method, employing state-of-the-art electronics technology,
was identified and found to be cost-effective.

Four methods of assessing fatigue damage were identified:

FCM, CLM, DM, and MTM. Of these methods, only FCM was found
technically acceptable and cost-effective as a monitoring ap-
proach and only one system was identified for each helicopter:
System 2CA for the UH-1H and System VII for the CH-47C. Sys-
tem VII, however, required the monitoring of gross weight,
which was identified as a technical problem since the accurate
measurement of gross weight on helicopters has not been shown
feasible in an operational environment. Although the current
state-of-the-art cannot provide an accurate gross weight mea-
surement system, should such a system become available, moni-
toring of the CH-47C should be considered.

Due to the nature of flight condition monitoring, conservative
assumptions were used in the development of the fatigue damage
assessment model. These assumptions, on threshold levels for
monitored parameters and the time spent in the flight condi-
tion categories by each flight condition, should be further
investigated. A flight validation program is recommended for
this purpose.

Although not found technically acceptable, the CLM and DM me-
thods would monitor fatigue damage better than the FCM or MTM
maethods since the data recorded by the focrmer two methods
would be more closely associated with the fatigue phenomenon.
Consequently, further investigation of these methods should be
considered. For the CLM, the development of transfer func-
tions relating rotating component loads to stationary compon-
ent loads should be investigated. A flight test progran,
where the transfer functions could be derived empirically,
could be used. Of the DM methods, acoustic emission was iden-
tified as a potential means of tracking fatigue damage. The
application of this method to full-scale helicopter structure
should be investigated.

After the method of assessing fatigue damage was selected, the
monitoring system was defined in detail. The recorder con-
figuration and operation were detailed, and the data process-
ing steps were identified. The processing software was de-
signed so that it could interface with AVSCOM's RAMMIT system.
Costs for the monitoring system were then identified for the
life-cycle cost analysis. The life-cycle cost analysis was
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conducted for both the UH-1H and CH-47C monitoring systems.
Although the benefit of monitoring fatigue damage on the UH-1H
is modest for the 10-year operation, the candidate does provide
fleet-wide monitoring and component tracking at a low cost,

and therefore would provide an excellent first-generation
monitoring system. It was concluded, therefore, that the

FCM System 2CA can provide an acceptable monitoring system
from both technical and cost standpoints and that it should

be further developed in a pilot program on the UH-1H or one

of its derivatives.
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RECOMMENDATIONS

It is recommended that:

1)

2)

3)

The candidate monitoring system be further developed
in a pilot program during which the assumptions or
parameter thresholds and fatigue damage assessments
can be validated.

The CLM method be further investigated to determine
transfer functions for component loads. This might
be accomplished by expanding the recording performed
in the pilot program.

The use of acoustic emission be pursued as a poten-
tial fatigue damage monitor.
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APPENDIX A

FLIGHT CONDITION AND DIRECT MONITORING SYSTEMS

FLIGHT CONDITION MONITORING

As discussed earlier, to singularly identify each of the
flight conditions of the UH-1H and CH-47C helicopters would re-
quire the monitoring of a prohibitively large number of vehicle-
state parameters. Tables A-1 and A-2 list the flight conditions
and percentage of flight time of each flight condition for the
UH-1H and CH-47C, respectively. On the basis of a reduced set
of parameters, several recording systems with varying numbers of
flight condition categories were formulated for both the UH-1H
and the CH-47C. The parameters selected to identify the flight
condition categories for the UH-1H and CH-47C are listed in
Tables 9 and 14, respectively.

Four recording systems were defined for the UH-1H. Called
1B, 2C, 2CA, and 3A, the systems have 7, 9, 10, and 15 flight
condition categories, respectively. System 1B monitors landing
gear touchdowns, main rotor rpm, indicated airspeed, and verti-
cal acceleration. Table A-7 describes System 1B. Column 1 of
Table A-7 labels each of the flight condition categories. Column
2 identifies the vehicle-state parameters which define each of
the flight condition categories. Column 3 lists the parameter
threshold value for each flight condition category, and column
4 lists the flight condition numbers grouped into each category.
These numbers identify the flight conditions listed in Table A-1.
The asterisks in column 4 denote damaging flight conditions.
Table 7 ranks the UH-1H flight conditions from most damaging to
least damaging. Flight-condition category damage rates for each
component were computed by the FCMMOD program (see Appendix B);
these rates are listed in Table A-17, where the column labeled
"FLIGHT CONDITION CATEGORY'" again identifies the flight condi-
tion categories. The next 10 columns list the flight condition
category damage rates for each of the components. At the bot-
tom of the table is a short description of each of the flight
condition categories.

System 2C monitors landing gear touchdowns, main rotor rpm,
incicated airspeed, vertical acceleration, and pitch rate.
Table A-8 describes System 2C. [Flight condition category dam-
age rates are listed in Table A-18. System 2CA monitors landing
gear touchdowns, main rotor rpm, indicated airspeed, vertical
acceleration, pitch rate, roll rate, and enginc torque. Table
12 describes System 2CA. Flight condition category damage rates
are listed in Table 13. System 3A monitors landing gear touch-
downs, main rotor rpm, indicated airspeed, vertical acceleration,
pitch rate, yaw rate, roll rate, and engine torque. Table A-9
describes System 3A. Flight condition category damage rates are
listed in Table A-19.
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Eight recording systems were defined for the Cli-47C. Called
I, II, IIA, IIIA, IVA, VA, VI, and VII, the systems have 8, 20,
13, 28, 21, 15, 11, and 45 flight condition categories, respec-
tively. Table A-2 presents the 113 CH-47C flight conditions as
determined from the flight loads data. However, monitoring
gross weight on the CH-47C presents certain instrumentation
problems. As an alternative, two conden.cd flight spectra for
the CH-47C were derived from Table A-2. The first, presented
in Table A-3, consists of 43 flight conlitions identified by
gross weight. The second, presented in Table A-4, consists of
43 flight conditions identified by altitude. Recording systems
I, II, IIA, and IIIA are based on the gross weight spectrun,
while recording systems IVA, VA, and VI are based on the alti-
tude spectrum. Recording system VII is based on the 113 flight
condition gross weight-altitude spectrum. Rankings of the dam-
aging flight conditions for the gross weight, altitude, and
gross weight-altitude spectra are presented in Tables A-5, A-o,
and 8, respectively.

System I monitors landing gear touchdowns, rotor rpm, in-
dicated airspeed, vertical acceleration, and Jongitudinal cyclic
speed trim position. Table A-10 describes System I. Some of
the flight condition numbers in calumn 4 for some of the CH-47C
system descriptions are followed by decimal fractions contained
in parentheses. These fractions indicate that not all of the
time in that flight condition occurs in a single flight condi-
tion category, but rather is distributed among two or more ac-
cording to the corresponding decimal fractions. Flight condi-
tion category damage rates are listed in Table A-20.

System II monitors landing gear touchdowns, rotor rpm,
indicated airspeed, vertical acceleration, LCST position, and
gross weight. Table A-11 describes System II. Flight condition
category damage rates are listed in Table A-:1. System IIA mon-
itors landing gear touchdowns, rotor rpm, indicated airspecd,
vertical acceleration, gross weight, and LCST positic:... Table
A-12 describes System IIA. Flight condition category damage
rates are listed in Table A-22.

System IIIA monitors landing gear touchdowns, rotor rpm,
indicated airspeed, vertical acceleration, pitch rate, gross
weight, and LCST position. Table A-13 describes System IITA.
Flight condition category damage rates are listed in Table A-23.

System IVA monitors landing gear touchdowns, rotor rpm, in-
dicated airspeed, vertical acceleration, pitch rate, LCST posi-
tion, and altitude. Table A-14 describes System IVA. Flight
condition category damage rates are listed in Table A-24.

System VA monitors landing gear touchdowns, rotor rpm, in-
dicated airspeed, vertical acceleration, and altitude. Table
A-15 describes System VA. Tlight condition category damage
rates are listed in Table A-25.
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System VI monitors landing gear touchdowns, rotor rpm,
vertical acceleration, pitch rate, roll rate, indicated airspced,
LCST position, and altitude. Table A-16 describes System VI.
Flight condition category damage rates are listed in Table A-26.

System VII monitors landing gear touchdowns, rotor rpm,
vertical acceleraticn, pitch rate, roll rate, indicated air-
speed, LCST position, altitude, and gross weight. Table 17 de-

scribes System VII. Flight condition category damage rates are
listed in Table 18. :
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TABLE A-1. FLIGHT CONDITIONS FOR UH-1H HELICOPTER

Flight
Condition Percent of
Number Flight Condition Flight Time

tround Conditions
1 Normal Rotor Start/Shutdown 1,000
(with Collective)

Power-on Flight

2 Vertical Takecoff 0,400
Hovering 1.G.E.
3 Steady 3.290
4 Right Turn 9,100
5 Left Turn 0.100
Control Reversal
6 Longitudinal 0,010
7 Lateral 0.010
8 Rudder 0,010
) Normal Acceleration 1.000
10 Normal Deceleration 1.000
11 Max Rate Acceleration 0,250
12 Max Rate Deceleration 0,250
Sideward Flight
13 To the right 0.250
14 To the left 0,250
15 Rearward Flight 0,250
16 Full Power Climb 4.000
Forward Level Pit.
7 0.2 Vne 1.000
18 0.3 1.000
19 0.4 2.000
20 0.5 3.000
21 0.6 7.000
22 0,7 8.000
23 0.8 15.000
24 0.9 Vne 25.000
25 Vne 15.000
26 Part-Power Descent 1.000
Right Turns
27 0.3 Vy 0,500
28 0.6V 1.000
2 0.9 \'“ 0.500
Left Turns
30 0.3 Vy 0.500
31 0.6 Vy 1.000
32 0.9 Vy 0.500
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TABLE A-1 - Concluded

Flight
Condition Percent of
Number Flight Condition Flight Time
Power-on Flight (cont'd)
Cyclic Pull-Ups
33 0.6 Vy 0.200
34 0.9 Vy 0.050
Collective Pull-Ups
35 0.6 Vy 0.200
36 0.9 vy 0.050
0.9 Vy Control Rev.
37 Longitudinal 0.050
38 Lateral 0.050
39 Rudder 0,050
Normal Landing
40 6500 1b Gross Weight 0.100
41 7500 1b Gross Weight 0,300
42 3500 1b Gross Weight 0.450
43 9500 1b Gross Weight 0.150
Transitions
Power to Auto.
44 0.3 vy 0.100
45 0.6 Vy 0.200
46 0.9 Vy 0.050
Auto. to Power
47 0.4 VH 0.100
48 0.6 Vy 0.200
49 0.8 Vy 0.050
Autorotation
Steady Forward Flight
S0 0.4 Vy 0.800
51 0.6 Vy 1.000
52 0.8 Vy 0.200
60 Kt. Control Rev.
53 Longitudinal 0.010
54 Lateral 0.010
SS Rudder 0.010
Right Turns
56 0.4 Vy 0.200
57 0.6 Vy 0.250
S8 0.8 Vy 0.050
Left Turns
59 0.4 vy 0.200
60 0.6 VH 0,250
61 0.8 vy 0.050
Auto Landing Appr.
W/Power Recovery IGE
62 0.4 VH 0.080
63 0.6 Vy 0.100
64 0.8 Vy 0.020
65 Full *uto Landing 0.250
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36
37
38
39
10
41
42
13
14
15
46
47
18
19
S0
51
52
53
54
55
56

Flight Condition

Hover

Transition

70% Vne

90% Vne

1005 Vne

Exceed Vne

Landing Flare

lL.eft Turn

Right Turn
Collective Pull-lp
Cyclic Pull-Up
l.ongitudinal Reversal
Lateral Reversal
Directional Reversal
Hover

Transition

70% Vne

90% Vne

100% Vne

Exceed Vne

Landing Flare

Left Turn

Right Turn
Collective Pull-Up
Cyclic Pull-Up
Longitudinal Reversal
Lateral Reversal
Directional Reversal
Hover

Transition

70% Vne

90% \ne

100% Vne

Exceed Vne

Landing Flare

Left Turn

Right Turn
Collective Pull-Up
Cyclic Pull-Up
Longitudinal Reversal
Lateral Reversal
Directional Reversal
Hover

Transition

70% Vne

90% Vue

100% Vne

lxceed Ve

LLanding Flare

LLeft Turn

Right Turn
Collective Pull-Up
Cyclic Pull-Up
longitudinal Reversal
l.ateral Reversal
Directional Reversal
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Percent of
Flight Time
1.980

2.970
1.950
3.960
3.960
1.980
1.320
1.610
1.610
120
L.040
170
. 180
140
1.670
2.510
1.180
3.350
3.350
1.670
0.000
1.360
1.360
.100
.030
. 140
150
120
.420
630
1.050
. 840
. 840
.420
0,000
.340
340
020
.010
.030
.040
.030
990
1.490
2.430
1.930
1.980
.990
060
.810
. 810
.060
.020
080
.090
070

FLIGHT CONDITIONS FOR CH-47C HELICOPTER

Alt/Gross Wt.

0-6000/27000

10000 -above/27600
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Flight
Condition

Number

57
58
59
60
|
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63
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65
66
07
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71
73
74
75
76
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79
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82
83
84
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8o
87
88
89
a0
91
92
93
94
95
96
97
98
99
100
101
102
103
104
106
107
108
109
110
111
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TABLE A-2 - Concluded

Flight Conditions

Hover

Transition

70% Vne

90% Vne

100% Vne

Exceed Vne

Landing Flare

Left Turn

Right Turn
Collective Pull-Up
Cyclic Pull-Up
Longitudinal Reversal
Lateral Reversal
Directional Reversal
Hover

Transition

70% Vne

90% Vne

100% Vne

Exceed Vne

Landing Flare

Left Turn

Right Turn
Collective Pull-Up
Cyclic Pull-Up
Longitudinal Reversal
Lateral Reversal
Directional Reversal
Hover

Transition

70% Vne

90% Vne

100% Vne

Fxceed Vne

Landing Flare

Left Turn

Right Turn
Collective Pull-'lp
Cyclic Pull-Up
Longitudinal Reversal
Lateral Reversal
Directional Reversal
Hover

Transition

70% Vne

90% Vne

100% Vne

Exceed Vne

Left Turn

Right Turn
Collective Pull-Up
Cyclic Pull-Up
Longitudinal Reversal
Lateral Reversal
Dircectional Reversal
Rotor Start/Stop

Percent of

Flight Time
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. 840
1.260
2.090
1.670
1.670

. 840
0.000

.680

.680

.050

.020

.070

.070

.060

. 210

.310

.520

.420

.420

.210
0.000

170

.170

.010

.004

.020

.020

010
1.010
1.520
2.530
2.030
2.030
1.010

. 390

.820

.820

.060

.020

.080

.090

.070
1,050
1.570
1.570
2.090
2.090
1.050

.850

.850

.060

.020

.090

.090

.070

.250

Alt/Gross Wt.
6000-10009/33000
"

10000 above/33000

0-6000/46000
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TABLE A-3. CH-47C FLIGHT CONDITIONS BY GROSS WEIGHT

tlight
tendition
Number Fliciht Condition Gross Weight (lb)
1 Hover 27000
& Transition 27000
3 70% Vne 27000
R} 90% Vne 27000
5 100% Vne 27000
6 Exceed Vne 27000
7 lLanding Flare 27000
8 Left Turn 27000
9 Right Turn 27000
10 Longitudinal Pull-Up 27000
11 Collective Pull-Up 27000
12 Longitudinal Reversal 27000
13 'ateral Reversal 27000
14 Directional Reversal 27000
15 Hover 33000
16 Transition 33000
T 70% Vne 33000
18 0% Vae 33000
19 100% Vne 33000
2 Exceed Vne 33000
21 Landing Flare 33000
22 Left furn 33000
23 Right Turn 33000
24 Longitudinal Pull-Up 33000
25 Collective Pull-Up 33000
26 Longitudinal Reversal 33000
27 lLateral Reversal 33000
Y Directional Reversal 33000
29 Hover 46000
30 Transition 16000
31 70% Vne 16000
32 90% Vne 46000
33 100% Vne 46000
34 Exceed Vne 46000
35 l.anding Flare 46000
36 left Turn 46000
33 Right Turn 46000
38 Longitudinal Pull-Up 46000
39 Collective Pull-Up 46000
40 Longitudinal Reversal 46000
41 l.ateral Reversal 46000
12 Directional Reversal 46000
43 Rotor Start/Stop
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TABLE A-4.

Flight
Condition
Number
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Flight Condition

Hover

Transition

60-70% Vne

90% Vne

100% Vne

Exceed Vne

Landing Flare

Left Turn

Right Turn
Collective Pull-Up
Longitudinal Pull-Up
Longitudinal Reversal
Lateral Reversal
Directional Reversal
Hover

Transition

60-70% Vne

90% Vne

100% Vne

Fxceed Vne

Landing Flare

Left Turn

Right Turn
Collective Pull-Up
Longitudinal Pull-Up
Longitudinal Reversal
Lateral Reversal
Directional Reversal
Hover

Transition

60-70% Vne

90% Vne

100% Vne

Exceed Vne

Landing Flare

Left Turn

Right Turn
Collective Pull-Up
Longitudinal Pull-Up
Longitudinal Reversal
Lateral Reversal
iYirectional Reversal

Rotor Start/Stop Cycles
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Altitude (f

CH-47C FLIGHT CONDITIONS BY ALTITUDE

eet)

0-5000
0-5000
0-5000
0-5000
0-5000
0-5000
0-5000
0-5000
0-5000
0-5000
0-5000
0-5000
0-5000
0-5000
5000-9000
5000-9000
5000-9000
5000-9000
5000-9000
5000-9000
5000-9000
5000-9000
5000-9000
5000-9000
5000-9000
5000-9000
5000-9000
5000-9000
9000 and
9000 and
9000 and
9000 and
9000 and
9000 and
9000 and
9000 and
9000 and
9000 and
9000 and
9000 and
9000 and
9000 and

Above
Above
Above
Above
Above
Above
Above
Above
Above
Above
Above
Above
Above
Above
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TABLE A-5. RANKED FLIGHT CONDITIONS BY GROSS WEIGHT FOR THE CH-47C
o Percent of
Rank Flight Condition Gross Weight (1b) Flight Time
1 Cyclic Pull-Up 33000 .147
2 Longitudinal Reversal 27000 L4106
3 Landing Flare 46000 .830
4 Longitudinal Reversal 33000 .207
S Collective Pull-Up 33000 . 049
6 Cyclic Pull-Up 27000 .294
7 Collective Pull-Up 46000 .049
8 Lateral Reversal 46000 .221
9 Lateral Reversal 27000 .443
10 Transition 46000 2.895
11 Exceed Vpe 46000 1.930
12 Exceed Vp 33000 1.930
13 Cyclic Pufl-Up 46000 .147
14  Lateral Reversal 33000 221
15 Left Turn 46000 2.038
16 Longitudinal Reversal 46000 .207
17 Directional Reversal 33000 170
18 Right Turn 46000 2,038
19  Directional Reversal 27000 .341
20 Left Turn 33000 2.038
2 Right Turn 33000 2.038
22 Left Turn 27000 4.075
‘3 Rotor Start/Stop oG .250
24  Right Tura 27000 4.075
TABLE A-6. RANKED FLIGHT CONDITIONS BY ALTITUDE FOR THE CH-47C
Percent of
Rank  Flight Condition Altitude Flight Time
1 Cyclic Pull-Up 0-6000 ft .094
2 Longitudinal Reversal 10000 ft-above .052
3 Exceed Vpe 10000 ft-above 6.278
4 Longitudinal Reversal 0-6000 ft .396
5 Cyclic Pull-Up 6000-10000 ft .055
6 Longitudinal Reversal 6000-10000 ft . 231
7 Landing Flare 0-6000 ft 2.658
8 Collective Pull-Up 0-6000 ft .281
9 Cyclic Pull-llp 10000 ft-above .012
10 Collective Pull-Up 6000-10000 ft .164
11 Lateral Reversal 6000-10000 ft . 246
12 Lateral Reversal 0-6000 ft .422
13 Transition 0-6000 ft 11.961
14 Left Turn 6000-10000 ft 2.253
15 Left Turn 10000 ft-above .510
16 Exceed Vpe 0-6000 ft 7.973
17 Directional Reversal 0-6000 ft .338
18 Directional Reversal 6000-10000 ft .197
19 70% Vpe 6000-10000 ft 20.926
20 70% Vpe 0-6000 ft 19.934
21 Lateral Reversal 10000 ft-above .056
22 Right Turn 0-6000 ft 3.857
23 Exceed Vpe 6000-10000 ft 8.370
24 Rotor Start/Stop -- .250
25 Left Turn 0-6000 ft 3.857
26 Right Turn 6000-10000 ft 2.253
27 Right Turn 10000 ft-above .510
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DIRECT MONITORING

INTRODUCTION

The problem of fatigue and structural reliability has con-
tinually grown in importance as demands for extended helicopter
service life and the severity of operating conditions have in-
creased. There is a strong need for development of a reliable
fatigue life indicator to assess the fatigue damage experienced
by an individual aircraft and its components. Determination of
component retirement lives by individual aircraft usage rather
than by fleet usage would improve fleet reliability and decrease
component failures prior to replacement time. There would also
be an economy of operation due to increased component service
life on aircraft experiencing a milder usage than that of the
rest of the fleet.

Two fundamental obstacles hamper the development of the fa-
tigue indicator. First, no single generalized fatigue mechanism
exists which is applicable to materials of differcnt metallurgi-
cal structures. Second, the degree of ''fatigue damage' is not
established or defined in terms of exact quantities, i.e., the
changes in metallurgical structure prior to crack initiation,
number of crack initiations, and crack length as a function of
cycles of loading to the expected life.

While a measure of '"fatigue damage' has not been explicitly
defined, there do exist material phenomena which can be empiri-
cally related to the fatigue life expectancy of the material.
Three methods for measuring these related phenomena were inves-
tigated during this program. Called "direct fatigue monitoring
concepts,'" they are:

1) acoustic emission
2) inductance sensing
3) foil gage

Acoustic emission and inductance testing monitor phenomena gen-
erally acknowledged to be directly related to the fatigue failure
mechanism. The foil gage is a less direct method as it implies
damage to the structure of interest via strain induced damage to
the gage. This investigation surveyed the three concepts and
assessed their applicability to helicopters.

ACOUSTIC EMISSION

Theory

Acoustic emission is the spontaneous generation of elastic
waves caused by localized movement in a material under stress.
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These movements can occur at both the microscopic and macro-
scopic levels. At the microscopic level acoustic emission in
metals is generally associated with the accumulation and break-
away of dislocations. At the macroscopic level acoustic emis-
sion is attributed to crack growth.

Flawed and unflawed metals demonstrate different acoustic
emission behavior. Acoustic emission from initially flaw-free
metal is low-level and continuous in nature. On an oscilloscope,
it appears very much like background electrical noise. It is
associated with plastic deformation occurring at relatively small
plastic strain. The emission rate reaches a maximum just above
the elastic limit, and then exponentially decreases in the plas-
tic region of the metal (see Figure A-1).

10 e ——————— 10
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Acoustic emision
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Acoustic emission iate, M {107 counts/sec )

60

Shess (ksi)

40

a0
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Figure A-1. Acoustic Emission and Stress vs. Strain
for a 7075-T6 Aluminum Tensile Specimen.

The energy content of continuous emission is extremely low
and its amplitude increases with loading and is strain-rate de-
pendent, At or near failure, the continuous emission is replaced
' hiivst emission (usually associated with flawed metals).

In fiawed metals, anomalies act as localized stress concen-
trators and will grow by causing localized plastic deformation
at nominal stress levels well below general yielding. The re-
sulting acoustic emission occurs as high amplitude bursts (sud-
den increases in emission rate) coinciding with the irregular
nature of the macroscopic flaw growth. As an anomaly grows, the
acoustic emission rate will continuously increase up to the dis-
continuity's critical size, where complete fracture occurs (see
Figure A-2).
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Figure A-2. Acoustic Emission During Crack Growth.

Acoustic emission is an irreversible process and this be-
havior is labeled the Kaiser effect. That is, once a metal has
been loaded and unloaded, reloading will not cause emission un-
til the initial maximum stress level has been exceeded.

Discussion

Theoretical analysis has shown that the plastic volume at
a crack tip should vary as some power of the stress intensity
factor. It has also been theoretically shown, via dislocation
theory, that the summation of acoustic emission is related to
the generated plastic volume. In support of this, Dunegan et
al.!?,!" obtained data which indicated that the total number N,
of acoustic emission signals resulting from dislocation motion
in the plastic zone near a crack tip, can be directly related
to the stress intensity factor of the crack by

N = AX" (A-1)
where
m = const. for a given material of a particular thickness
A = proportionality constant
K = stress intensity factor

'3 Dunegan, H.L., Harris, D.O., and Tatro, C.A., FRACTURE
ANALYSIS BY USE OF ACOUSTIC EMISSION, Journal of Engi-
neering Fracture Mechanics, Vol. 1, June 1968, p. 105-122.

Ly Dunegan, H.L., and Harris, D.0O., ACOUSTIC EMISSION--A NEW
NON-DESTRUCTIVE TESTING TOOL, Proceedings of Third Annual
Symposium on Non-destructive Testing of Welds and Materials
Joining, Los Angeles, California, March 1968.
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Equation (A-1) suggests that acoustic emission could be ap-
plied to the detection of cracks and their subcritical growth
(extension of cracks at K levels below that required for
rapid crack propagation2 by continuous monitoring of a struc-
ture. Gerberich et al.'® examined this relationship during

an investigation of the applicability of acoustic emission an-
alysis to the detection of hydrogen-induced crack growth and
stress corrosion cracking (see Figure A-3).

100 T T ! T T T T T 2.0
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e
= )
- nb
T 1.4 g
Ny Strase Intersiny )
:“‘: Wl factor h 1.2 g
v -'\\_ Z
g - | Acowtic emission 1.0 &
g | §
& | 2
2w ! ~o.g §
€ 4
$ ¢ E
c
] I0H g ———————— .rl —0.6 ¢
& [
v [ ]
] -
Iﬁd H 0.4
(]
1
g —0.2
]
]
L]
N ] | | | I I | 0
0 5 w15 0 35 LT T 40 45

Time, {min)

Figure A-3. Stress Intensity Factor and Acoustic Emission
as a Function of Time for a Crack Propagating
in a Uranium-0.3% Titanium Alloy Immersed in
a 3% Salt-Water Solution.

Figure A-3 shows a relationship between N and K, while the
load was increasing, as predicted by Equation (A-1). During the
time from which the load was no longer increasing and prior to
the addition of salt water, there was very little emission ac-
tivity. Accompanying the crack extension, immediately following
the addition of salt water, there is greatly increased acoustic
emission activity. These results are a good indication that
acoustic emission is a sensitive indicator of subcritical flaw
growth,

15 Gerberich, W.W., and Hartbower, C.E., MONITORING CRACK
GROWTH OF HYDROGEN EMBRITTLEMENT AND STRESS CORROSION
CRACKING BY ACOUSTIC EMISSION, in Proceedings of the
Conference on Fundamental Aspects of Stress Corrosion
Cracking (Ohio State University, Columbus, Ohio, 1967).
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Hutton'® investigated the relationship between acoustic
emission and mechanical fatigue in metals (see Figure A-4).
Figure A-4 summarizes acoustic emission data from low-cycle
tension-compression fatigue testing of a high nickel alloy at
1000°F. Three peaks are evident in the emission curve prior
to failure. The first is attributed to the Kaiser effect being
extended by work hardening and the second to microcracking.
The third is attributed to macrocrack formation. In another
set of tests, acoustic emission data are taken during high-
cycle tension-tension fatigue testing of notched aluminum
panels (see Figure A-§).

50 F—TOTAL EMISSION
-==EMISSION RATE

. RESET TO ZERO J

z FROM 1024 TOTAL

o 40r

Q

[F7)

s

(7]
Sl =
wn|z g 30
w3 g
- [X) '
u.l. L
- [CN [
<[
s = zn-v
Laxt 2 i

=) \

2 1 A

= 10} )

= s ARV

AR
\J \
'
N B . . . 1 . FAILURE”,
0 1800 3600 5400 7200 9000 10, 800

11,520
TOTAL CYCLES - N

Figure A-4. Acoustic Emission Response - Fatigue of High
Nickel Steel.

'¢ Hutton, P.H., ACOUSTIC EMISSION APPLIED TO DETERMINATION
OF STRUCTURAL INTEGRITY, for presentation at the 11lth
Open Meeting of the Mechanical Failures Prevention Group
sponsored by the Office of Naval Research at Williamsburg,
Virginia, April 7 and 8, 1970.
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Figure A-5. Acoustic Emission from Macrocrack Formation -
Fatigue Test of Center Notch Aluminum Panels.

Indication of macrocrack formation ranged from 4% to 6.5%
of total life in three specimens tested similarly. The number
of cycles to failure on these specimens ranged from 362,000 to
391,000. Additional data were taken with notched carbon steel
specimens (see Figure A-6). The notched bar specimen was
cycled in tension-tension for a total of 716,000 cycles. The
characteristic sharp increase in acoustic emission occurred
11,000 cycles prior to this. Examination of the specimen re-
vealed no surface crack, even under a microscope. Metallo-
graphic examination, however, revealed an abundance of micro-
cracking in the vicinity of one corner of the notch. This is
strong evidence that macrocrack nucleation produced the sharp
increase in emission.

In all cases, both the total acoustic emission count and
the count per cycle increased slowly with the increasing number
of fatigue cycles and then increased rapidly just prior to
failure. This suggests it may be possible to test a few speci-
mens to failure for acoustic emission calibration and from this
isolate a particular perturbation in the emission curve from
which total fatigue life could be predicted.

The presence of background noise, possible damage to the
sensors, the high cost of equipment, and the difficulty in moni-
toring dynamic systems make continuous monitoring of acoustic
emission impractical in most applications. As an alternative
to -ontinuous monitoring, a procedure which takes advantage of
the irreversibility of acoustic emission is examined.

If a flawed structure is loaded to a particular value of K

and then unloaded, acoustic emission will not occur during re-
loaling until the previous value of K is exceeded. Thus it is
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possible to determine crack growth by periodically overstress-
ing (proof-testing) a structure at a stress op greater than the
working stress oy. If flaws have grown since the previous over-
stress, then the stress intensity factor will have increased and
emission will occur.
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Figure A-6. Acoustic Emission from Carbon Steel Fatigue
Specimen.

Dunegan et al.!’ developed a model to analytically predict
the total number of emission counts N during each proof cycle
as a function of the number of fatigue cycles. This model is
predicated on the dependence of the crack growth rate on K'°.
Dunegan et al.'® experimentally investigated the theoretical
predictions of the model (see Figu»“e A-7).

'7  Dunegan, H.L., Harris, D.0., and Tetelman, A.S., DETECTION
OF FATIGUE CLACK GROWTH BY ACOUST'C EMISSION TECHNIQUES,
Materials Evaluation, Vol. 28, July-December 1970.

18  Pparis, P.C., THE FRACTJRE MECHANICS APPROACH TO FATIGUE,
Proceedigés 10th Sagimore Conference, Syracuse University
Press, 1965, p. 107/.

!9 Dunegan, H.L., Harris, D.0., and Tetelman, A.S., PREDICTION
OF FATIGUE LIFETIME BY COMBINED FRAC.URE MECHANICS AND
ACOUSTIC EMISSION TECHNIQUES, Proceedings of .e Air Force
Conference on Fatigue and Fracture of Ai.craft Structures
and Materials, Miami Beach, Florida, 15-18 December 1969.
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Figure A-7. Theoretical and Experimental Results of
Periodic Tests with Acoustic Emission from
7075-T6 WOL Fracture Toughness Specimens.

Figure A-7 presents the results from two aluminum specimens
cycled to 800 1b, and proofed to 1200 1b every 3000 cycles. This
figure shows good agreement between the theoretical and experi-
mental results. The amount of acoustic emission observed during
the periodic proof increased very rapidly several thousand cycles
prior to catastrophic failure, providing warning of impending
failure. It was also observed during the investigation that if
emission occurs while holding at the proof stress, then a crack
with a K value close to critical is present, and failure is
imminent.

Instrumentation

The basic information recorded in a typical acoustic emis-
sion test is the rate at which acoustic emission events occur
as a function of changes in the load parameter. Proper biasing
of the counting equipment is essential and must satisfy two pri-
mary requirements. The first is that the trigger of the counter
can be set to a predetermined signal amplitude reliably and with
small jitter. The second requirement is that the counter must
contain a time interval gate, so that a rate of occurrence for
acoustic emission events can be inferred.
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For morc sopiisticated processing of acoustic emission
data, on-line computers can be utilized. When testing large
components where the origin of the emission is uncertain,
simultaneous processing of several acoustic emission channels
can be utilized to determine the location via triangulation.
A typical system for detecting acoustic emission is illus-
trated in Figure A-8. The key, of course, to obtaining use-
ful acoustic emission information is the sensor. The choice
of sensor is essentially limited to a properly chosen piezo-
electric transducer. It is still difficult to operate in any
mode other than that which capitalizes on the enhanced output
of the transducer at resonance. The principal limitation for
the rest of the electronic portion of the system is signal-
to-noise ratio. This is the major consideration in selecting
the first amplifier stage following the transducer. Two im-
portant secondary considerations for a first-stage amplifier
are ability to recover quickly from overloads and protection
from burnout. Nakamura et al.?°’ have developed a technique
to climinate high background noise. Basically, the system
utilizes a few master detectors located in the area of in-
terest and surrounded by a ring of slave transducers. Only
those signals detected by all the master transducers before
any slave transducer detects the event are saved for analysis.
This shields against emission or noise coming from other areas.
The system has a rejection ratio of 30,000 to 1, but requires
a large number of transducers.

| PREAMPLIFIER FILTER AMPLIFIER
SENSOR
ACOUSTIC EMISSION
\NPUT 0SCILLOSCOPE
EMISSION
RATE
STRIP CHART DISCRIMINATOR
RECORDER AND GATE
‘_l_. SUMMATION
COUNTER
ANALOG COMPUTER NeyT
PRINTER TivE
SOURCE LOCATION = FROM
SOURCE COORDINATES ‘T gl ANALYZER ~——]  omen Sthsons

Figure A-8. Block Diagram - Acoustic Emission Monitor
System.

29 Nakamura, T., McCauley, B.O., Gardner, A.H., Redmond, J.C.,
Hagemeyer, J.W., and Burton, G.M., DEVELOPMENT OF AN
ACOUSTIC EMISSION MONITORING SYSTEM, General Dynamics,

Ft. Worth, Texas, Report ERR-FW-901 (1969).
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Summary

The monitoring of acoustic emission during periodic proof
stressing provides a means of detecting the presence and growth
of fatigue cracks. This technique provides early warning of
impending failure in materials with low-cycle fatigue lives.
Good agreement has been observed between experimental results
and predictions made from an analytical model relating the
total number of emission counts during proof testing to the
number of fatigue cycles. It still remains, however, to be de-
termined if the model applies to the high-cycle fatigue lives
encountered in helicopter components, or to a wide range of
materials with different ratios of the proof to working stress,
as well as for different intervals of cycles between inspections.

Additionally, adequate fixtures must be designed for appli-
cation of appropriate proof loads. If dealing with a complex
structure, disassembly may be required to proof test certain
components.

The principal detection and analysis problem areas are:
(1) Sensor design and placement
(2) Signal analysis and charactecrization
(3) Noise recognition and rejection

Full utilization of acoustic emission for structural in-

tegrity surveillance, particularly of complex, dynamic struc-
tures, will require additional development work.

INDUCTANCE SENSING

Theory

In the 1830's Michael Faraday found that when the electric
current in a conductor was changing, as it did when he opened
or closed a switch in a circuit, a current was caused to flow in
another wire located close to the first one. He called this
phenomenon electromagnetic induction and concluded that it oc-
curred whenever the current and its associated magnetic field
were changing. If an alternating current is applied to a sole-
noid, and the solenoid is brought close to a metal plate, a
current is caused to flow in a plate by electromagnetic induc-
tion. These currents that are induced to flow in closed paths
perpendicular to the magnetic field are called eddy currents.
The magnetic field due to the eddy currents will induce a cur-
rent in the solenoid that opposes the current already flowing.
Any change in the material properties (cracks, flaws or other
inhomogeneities) of the plate will alter the flow of the eddy
currents causing a change in the reluctance of the solenoid
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flux path. Such changes can be monitored By an A.C. bridge
circuit.

Discussion

To investigate the effectiveness of the inductive sensing
system, vibratory beam fatigue tests?' were conducted on 6061-
T6 aluminum, 7310 steel, and Inconel X. Roll tests were con-
ducted on 8620-H steel. Inductive scanning was performed dur-
ing the tests and microanalytic techniques were applied to de-
termine the sensitivity and applicability of the inductive
sensing method.

For the beam tests eighteen samples of cach material were
fabricated and tested. The bar graphs in Figures A-9 and A-10
summarize the results of the tests. (Individual sample results
for Inconel X not available; see discussion for average results.)
The top of the black portion of a bar indicates th number of
cycles at which a signal appeared. The top of the clear portion
indicates the number of cycles at which failure occurred. The
number at each bar indicates the percentage of life expended at
the time a signal appeared. The asterisks represent a qualita-
tive measure of the conservative trecatment of data inherent in
the tests. Because scanning was performed periodically, a crack
could have developed considerably by the time the first scan was
made. That is, had the scanning been continuous the signal
could have been observed sooner and a lower percentage of fa-
tigue life expended would have been indicated. This conserva-
tism in the test data was indicated by an asterisk whenever a
first-recorded signal of relatively high amplitude was encoun-
tered.

For the 6061-T6 aluminum, deflections for the three stress
levels were set at +0.040, +0.050, and :0.555 inch. The cycles
to failure averaged 1.4 x 10°, 0.7 x 10°%, and 0.43 x 10°%, re-
spectively. -The respective average percentages of life expended
at first-signal detection were 76.7%, 74.5%, and 64.0%. The
average percentage across all 18 samples was 71.7%.

For the Inconel X, deflections for the three stress levels
were set at +0.090, $0.100, and +0.130 inch. The cycles to
failure averaged 1.4 x 10°, 0.94 x 10%, and 0.33 x 10%, respec-
tively. The respective average percentages of life exnended at

21 Moross, George G., INVESTIGATION TO DETERMINE THE FEASI-
BILITY OF DETECTING IMPENDING METAL FATIGUE FAILURE
THROUGH USE OF AN INDUCTIVE SENSING DEVICE, Mechanical
Technology Incevgurated; USAAVLABS Technical Report 69-97,
U.S. Army A.iation Materiel Laboratories, Fort Eustis,
Virgini-, February 1970, AD871155.
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first signal detection were 83.0%, 78.8%, and 77.7%. The over-
all average percentage of life expended at time of first signal
was 79.6%. The earliest signal appeared at 67% of life expend-
ed. The latest indication of 93% showed a very large amplitude
signal at that point, indicating tha* the percentage figure
could have been lower.

For the 9310 steel, deflections for the three stress levels
were set at *0.070, *0.080, and *0.085 inch. The cycles to
failure average 1.24 x 10%, 0.46 x 10°, and 0.32 x 10°, respec-
tively. The respective average percentages of life expended at
first-signal detection were 90.0%, 76.2%, and 78.3%. The over-
all average percentage of life expended at the time of first
detected signal was 81.5%. All the tests that showed a percent-
age figure greater than 90% were considered conservative.

The use of modern microanalytical techniques and classical
metallography indicates that microcracks as well as larger
cracks are responsible for the signals.

For the roll tests, twelve samples were prepared from 8620-H
steel. The samples were heat treated to a hardness of RC-63 with
a case depth of 0.073 inch. The samples were run in contact with
a crowned roller with a maximum Hertz compressive stress of up
to 450 psi.

Figure A-11 shows excerpts from a recorder trace of a typ-
ical roll test. The baseline remained smooth and regular through
10 readings to 479,000 cycles. At 532,000 cycles, a small, re-
peated signal appeared. Three thousand cycles later, a large pit
developed, which has been defined as evidence of failure.

Instrumentation

An example of an inductive sensing system which can readily
be packaged for field use without sacrifice of utility or sensi-
tivity consists of a probe, oscillator, bridge circuit, and de-
tector.

The probe (solenoid) consists of a "U" shaped core ~on-
structed of soft iron wire wound on one leg such that the probe
is axially symmetric about the wound leg. A second equivalent
probe is placed behind the first one to provide temperature com-
pensation. The two coils are then connected in a half-bridge
configuration into the A.C. bridge circuit. The signal from the
bridge is fed to a synchronous detector and filter, whose output
is a D.C. signal corresponding to bridge unbalance. The probe
is positioned so that the sample material forms the flux path.
The bridge is initially balanced, and the probe is then scanned
over the sample. If the standoff distance is held constant,
then any bridge unbalance relates to the local characteristics
of the material being examined. Test frequencies can range
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anywhere from 60 Hz to 6 MHz. Normally selection of a test
frequency is a compromise. Penetration is greater at lower
frequencies; however, as the frequency.,is lowered the sensi-
tivity to small flaws decreases. Normally one selects a test
frequency as high as possible that still permits the penetra-
tion depth required.
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Figure A-11. Roll Test, Steel Sample 9.

Summarz

The test results indicate that inductive sensing is capable
of detecting microcracks in metals. Where early detection was
possible on beam specimens as the cracks propagated normal to
the surface, very late detection was evident on the roll speci-
mens as the cracks propagated parallel to the surface. While
the tests indicate that an inductive sensing system is of some
value in detecting metal fatigue during vibratory beam tests,
there has not been developed a model to analytically predict
signal amplitudes as a function of either the number of fatigue
cycles or the crack propagation rate. Additionally, there is
a high degree of uncertainty present whenever the first signal
encountered is of high amplitude. It is then difficult to
predict remaining fatigue life by comparison with laboratory
data that was taken by relatively continuous monitoring.
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While inductive sensing is capable of flaw detection, it
cannot be considered a satisfactory fatigue life indicator for
helicopter components.

FOIL GAGE

Theory

Any strain action will induce strain hardening in a ductile
metal which is hardenable by cold working. Dislocation theory
in metallurgy proposes that cold working the metal lattice blocks
the motion of the crystal boundaries by raising the stress level
necessary to allow slip to occur. Since physicists seem to agree
that a scattering of electrons as a result of dislucations causes
a change in resistivity, cold working should induce a resistance
change in a ductile metal. This resistance change is permanent
and irreversible under normal conditions. The foil gage utilizes
this resistance change due to fatigue-induced strain hardening
as a memory capability to store its accumulated strain history.
If the foil gage is adequately attached to = structure of in-
terest, then both structure and gage should experience the same
strain history at the point of attachment

Discussion

The foil fatigue gage was developecd and patents applied
for by the Boeing Company. Since then, exclusive manufactur-
ing and distributing rights for the -S/N-Fatigue-life gage®
(trademark, Micro-Measurements, Inc., Romulus, Michigan) have
been granted to Micro-Measurements, Incorporated.

The -S/N-Fatigue-life gage has the general appearance of
a foil strain gage, and is manufactured with the same basic
processes. The gage consists of a specially treated constantan
foil grid, encased in a glass-fiber/epoxy laminate. It is
available in a range of different sizes. The fatigue gage is
bonded to the test surface using standard strain gage adhesives
and installation techniques.

The fatigue gage manufacturer claims that the cumulative
resistance change in the gage is a highly repeatable function
of the cyclic strain history to which the gage has been sub-
jected. An earlier study?? investigated this functional rela-
tionship, employing a series of cantilever beam tests. The

22 Harting, Darrell R., THE -S/N-FATIGUE-LIFE GAGE: A DIRECT
MEANS OF MEASURING CUMULATIVE FATIGUE DAMAGE, Experimental
Mechanics, February 1966.
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relationship was found to be of the form

= ; h
AR = Kg(cR eo)n
where
AR = percentage gage resistance cnange
€R © maximum reversed strain
€y threshold strain, below which the resistance will

not change
n = number of applied cycles
h = empirically determined

Kg = gage constant

Another earlier study?’® investigated the repeatability and
response of the fatigue gage through a series of coupon tests
under constant amplitude and variable amplitude loading. The
constant amplitude tests were established for net section
stress levels of 35 and 20 ksi at frequencies of 2 and 5 cps,
respectively. The variable amplitude test setup was identical
to that used for the constant amplitude tests except that the
test machine was controlled by a digital programmer instead of
a cyclic function generator. The limit load stress was 30 ksi.
While the results from both sets of tests agree that the gage
does experience a resistance change that can be related to
nominal stress history, the test data demonstrate that the re-
sults are not consistent for a group of nominally identical
structural members experiencing the identical nominal stress
history.

The repeatability and response of the gage were again ex-
amined with a series of coupon tests?“. The tests were de-
signed to evaluate the effa:cts on the gage of a range of en-
vironmental conditions. The test specimens were fabricated
from 7075-T6 bare aluminum and 8Al: 1Mo-1V titanium alloy. The
majority of the coupons were evaluated under axial loading con-
ditions. A few constant moment bending beams were evaluated to
correlate the effect of bending strains versus axial strains
upon the gage. . It was concluded that the gage makes no dis-
tinction regarding direction of strain (tension or compression)
or whether strains are bending or axial.

23 EVALUATION OF THE -S/N-FATIGUE-LIFE GAGE UNDER CONSTANT AND
VARIABLE AMPLITUDE LOADING, NADC-72071-VT, Naval Air
Development Center, S5 September 1972.

2% Horne, Robert S., A FEASIBILITY STUDY FOR THE DEVELOPMENT
OF A FATIGUE DAMAGE INDICATOR, AFFDL-TR-66-113, Air Force
Flight Dynamics Laboratory, Wright-Patterson AFB, Ohio,
January 1967.
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A series of Lcoupons were evaluated at several different
stress ratios (As = 0.818, As = 0.333, and Ag = )., For a giv-
en coupon, the stress ratlo and strain amplitude were held con-
stant until failure of the coupon. Constant end resistance at
specimen failure was observed for a constant stress ratio. When
the stress ratio was changed, specimen failure occurred at a dif-
ferent value of gage end resistance. Additionally, it was ob-
served that the gage end resistance at coupon failure was sev-
eral orders of magnitude higher under reversed strain than cyclic
strain about a mean level.

To evaluate the performance characteristics of the gage
under weather exposure, two specimens were subjected to a sim-
ulated weather environment for one year. A weatherometer was
used to simulate rain for three minutes at seventeen-minute
intervals with alternate sunshine supplied by carbon arc elec-
trodes. The results demonstrated that when specimen fatigue
life is reduced by weather exposure the end resistance of the
gage is also reduced. Two of the gages which had been work
hardened at room temperature to a fatigue induced resistance
increase of 2.4% were subjected to a 90-hour heat soak at
400°F., It was found that the '"irreversible'" resistance in-
crease could be reversed approximately 30% by a prolonged heat
soak. Specimens were then tested at a 60 ksi stress level at
poth room temperature and -65°F. The specimen tested at room
terperature had a fatigue life of 36,000 cycles, while the spec-
ircn tested at -65°F had a 1life of 179,000 cycles. Yet both
gages demonstrated very nearly the same resistance at the end
of the test.

The preponderance of evidence from the coupon tests indi-
cated that the fatigue gage resistance at specimen failure is
not a constant,and proper utilization of the gage requires
calibrating the structure with statistical loading averages.
The applicability of the fatigue gage on full scale aircraft
structures was examined in previous studies®“»>?5, A set of
guidelines was formulated for application of the gage to air-
craft structure:

Sa (Stress amplitude)

* A ing - io) =
s (Alternating - Mean Ratio) S, (Mean stress)

2% Horne, Robert S., A FEASIBILITY STUDY FOR THE DEVELOPMENT
OF A FATIGUE DAMAGE INDICATOR, AFFDL-TR-66-113, Air Force
Flight Dynamics Laboratory, Wright-Patterson AFB, Ohio,
January 1967.

25 Horne, Robert S., and Freyre, Oscar L., ANNEALED FOIL
FATIGUE SENSOR DEVELOPMENT, AFFDL-TR-71-127, Air Force
Flight Dynamics Laboratory, Wright-Patterson AFB, Ohio,
March 1972.
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1) The structure's history of accumulated aerodynamic
loadings can best be determined by locating each
gage in higher strain areas free from stress con-
centrations.

2) The number and location of the gages on the struc-
ture should be sufficient to reliably evaluate the
aircraft's degree of exposure to repeated load oc-
currences. Therefore, all critical fatigue sources
should be instrumented.

) Gages should be applied to the aircraft structure
prior to accumulating any flight time.

4) To minimize effect of temperature variation, peri-
odic data should be recorded under controlled am-
bient conditions or else a temperature correction
factor should be applied.

Reference 25 also presents a methodology for relating the fatigue
damage of the gage to the fatigue damage of the test item.

Instrumentation

Indications are that no structural modifications would
be required on service aircraft prior to gage installation.
Gage attachment techniques are well developed,and installation
can be accomplished by technicians in field areas. The gage is
essentially inexrznsive compared to the value of the structure
being monitored. Complex data acquisition systems are not re-
quired.

Summary

It has been shown that a functional correlation between
structural fatigue damage and gage resistance change can be es-
tablished. However, it has also been shown that the gage resis-
tance at component failure is not a constant, and requires of its
user a thorough understanding of the gage response and limita-
tions. Some of the immediate problem areas are:

(1) The change in gage resistance is induced by
fatigue damage to the gage sensing element, and
not by damage to the struc.ture of interest.

The measurement of structure fatigue damage is
merely implied. This problem is further com-

pounded when low threshold sensitivity of the

gage requires a strain multiplier.

(2) In most structures, fatigue failures occur at the
locations of stress concentrations, such as holes

162



and notches. It is often difficult or impossible
to mount gages in these locations.

(3) The effects of corrosion, fungus growth, chance
effects, or other variables which influence the
metallurgical condition of materials would be
considered only to the extent that they affect
the mechanical response of the structure.

(4) The gage is generally limited to low-cycle or
medium-gage fatigue applications. This is imprac-
tical for helicopter applications.

(5) Finally, most of the work done to date on the fa-

tigue gage has been directed toward fixed wing ap-
plication.

CONCLUSIONS

The development of a passive fatigue damage indicator re-
quiring no in-flight instrumentation has long been the aim of
the aircraft industry. The annealed foil fatigue gage has shown
promise of accomplishing this aim. However, there is a lack of
consistency in the gage response under varying loading and en-
vironmental conditions. Consequently, it must be concluded that
with the currently available gages, it is not possible to corre-
late a given percent resistance change with the actual fraction
of fatigue life expended for a component outside the controlled
laboratory environment.

The monitoring of acoustic emission during periodic proof
st1 ssing provides a means of detecting the presence and growth
of 1atigue cracks. Good results have been obtained in controlled
situations where the damaging loads and the proof loads are ap-
plied in the same manner. However, to proof load components of
a2 helicopter rotor system in a manner equivalent to the complex
loads experienced during flight could require new hardware or
disassembly of the system. Additionally, successful warning of
impending fatigue failure has been demonstrated only for materials
with low-cycle fatigue lives and not for the high-cycle fatigue
lives encountered in helicopter components.

Because of the importance of helicopter component fatigue
life prediction it is felt that work to develop a fatigue damage
indicator should continue. Good agreement between experimental
results and analytical predictions suggests further investigation
of acoustic emission during high-cycle fatigue and complex loading.
And the economy and ease of application of the foil gage offer
an incentive for the further development of the gage element re-
sponse.
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APPENDIX B
COMPUTER PROGRAM DISCUSSIONS

FATHIP

FATHIP is a fatigue damage calculation program developed to
duplicate the manufacturers' fatigue analysis of the UH-1H and
CH-47C. The basis for both analyses is Miner's Rule of Cumula-
tive Damage, which states that the fatigue life of a cyclically
loaded structural item can be calculated by

D]
T=T (B-1)
0li=1 N
where n, = number of cycles of oscillatory load magnitude ¥
based on a spectrum of T, hours
Ni = number of cycles to failure at load magnitude Y

n = ramber of loading conditions (flight conditions)
in the loading spectrum

The input to the FATHIP program consists of flight usage
spectra, flight loads data, component S-N data, and cycle-count
factors. The flight loads data contain each occurrence of a
flight condition and its corresponding oscillatory load, yj.
The usage spectra contain each flight condition and the corres-
ponding percentage of spectrum time spent in that flight condi-
tion. With this information, n;j can be determined:

where n, = number of cycles of oscillatory load yj in Ty hours
C; = number of occurrences of ith flight condition in
flight loads data
Pi = percentage of spectrum time spent in ith flight
condition
FATHIP then uses y., S-N data for each component, and an inter-
polation routine t& calculate nj. The component damage accrued
during the ith flight condition’ can now be computed by

Dj = (n;/N;)F, (B-3)
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component damage accrued during ith flight condition
cycle-count factor for the ith flight condition.

where Dj
Fji

The CH-47C fatigue substantiation report is based on damage cal-
culations where the values of nj are applied to loads, each load
being the maximum recorded in the corresponding flight test data
record. Generally, the true damage for the record, obtained by
a cycle-by-cycle count, is considerably lower. The ratio of
cycle-counted damage to life-calculation damage (damage caused
by the same number of cycles at the top-of-scatter load) is the
cycle-count factor. The values of F;j for each flight condition
can be found in the manufacturers' fatigue substantiation report.
For the Ull-1H fatigue substantiation, the manufacturer does not
compute cycle-count factors. The load range of flight records
for high load maneuvers was broken down into several smaller
ranges. A damage fraction was calculated for each of the small
load ranges. These damage fractions were then summed to give

the flight record (flight condition) damage fraction. The values
of F; for the UH-1H FATHIP runs were all set equal to one. The
fligﬁt loads data for the high load maneuvers were modified to
yield flight condition damage fractions for the design spectrum
equal to those in the fatigue substantiation.

Substitution of Equation (B-3) into Equation (B-1) yields
the component fatigue life T:

-

n !
T = To{izl Di/Fi} (B-4)

The FATHIP logic was tested by using the design spectrum of the
UH-1H and CH-47C as the usage spectrum. For the UH-1H, all but
one of the FATHIP fatigue lives were within 1 percent of the
manufacturer's fatigue substantiation-lives.

For the main rotor blade, the FATHIP life was 3 percent
high. For the CH-47C, all of the FATHIP lives were within 1
percent of the manufacturer's fatigue substantiation lives.
These accuracies were considered satisfactory. Next, the up-
per bounds on component replacement times for the UH-1H and
CH-47C were calculated for the mild, average, and severe usage
spectra. A sample calculation performed by FATHIP on the UH-1H
main rotor grip is shown in Table B-1.
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TABLE B-1. SAMPLE OUTPUT OF FATHIP PROGRAM, DESIGN SPECTRUM
FOR THE MAIN ROTOR GRIP OF THE UH-1H HELICTOPTER
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TABLE B-1 - Concluded
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FCMMOD

The computer program FCMMOD was written to compute the
flight condition category damage rates for the 12 FCM record-
ing systems. The program utilizes a design flight spectrum
and component damage fractions taken from the manufacturer's
fatigue substantiation. These fractions represent the amount
of fatigue damage accrued by a component due to a particular
flight condition in the design flight spectrum. For each FCM
recording system, FCMMOD requires data defining the distribu-
tion of the flight conditions among the flight condition cate-
gories. With thic information, FCMMOD can compute the fatigue
damage accrued by a ccmponent due to a particular flight condi-
tion category:

- TC
Dy = L Py (0Cy) (7gl) (B-5)
where Dk = component damage due to kth flight condition category
Pik = percentage of ith flight condition appearing in the

kth flight condition category
DC; = component damage fraction for the ith flight condition

TS; = flight time spent in the ith flight condition of
flight spectrum

TC; = weighted flight time spent in ith flight condition

n = number of flight conditions in flight spectrum

The value of TCj is determined in FCMMOD from the percent-
age of total damage that the ith flight condition produces. If
a component damage fraction is greater than 5% of the total dam-
age to the component, then TCj is defined such that (TCj /TSl)
> 1. If a component damage fraction is between 0.01% and 5% of
the total damage to the component, then TCj is defined such that
(TCi/TSy) = 1. 1If a component damage fraction is less than 0.01%
of the total damage to the component, then TCj is defined such
that (TCj/TS;) < 1. This slight mod1f1cat10n of the damage frac-
tions introdiices a conservatism into the systems by increasing
the contribution of highly damaging flight conditions and de-
creasing the contribution of slightly damaging or nondamaging
flight conditions. The amount of flight time spent in each
flight condition category is computed in a similar manner:

TS (B-6)
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where T, = amount of flight time spent in kth flight condition
category

From the results of Equations (1) and (2), a flight condition
category damage rate may be calculated for each component:

Ak = Dk/Tk (B-7)

where Ay = kth flight condition category damage rate for a
particular component

SIMULE

The computer program SIMULE was written to simulate the im-
plementation of the FCM recording systems. For this simulation,
SIMULE computes the component fatigue lives by using the flight
condition category damage rates generated by FCMMOD and the mild,
average, and severe flight usage spectra. For each FCM recording
system, SIMULE requires data defining the distribution of the
flight conditions among the flight condition categories. With
this information, SIMULE can compute the amount of flight time
spent in each flight condition category:

| Pix TSi (B-8)

-]
"
ne-3s

i

where Ty = amount of flight time spent in kth flight c¢ «dition
category
Pjx = percentage of ith flight condition appearing in the

kth flight condition category

TS; = flight time spent in the ith flight condition of
flight spectrum

n = number of flight conditions in flight spectrum

Multiplying each Ty by its corresponding flight condition cate-
gory damage rate results in the anount of damage accrued by a
particular component due to each ‘light condition category.
These can be summed to yield the total damage accrued by a
component in the usage spectrum:

m
-1 ]
D=2 AT (B-9)
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where D = total damage to a component during the usage spectrum

Ay = kth flight condition category damage rate for a
particular component

m = number of flight condition categories

The total flight time Ty during the usage spectrum can be
found by
T = (B'lO)
ok

ne-1s

T
1 K

From the results of Equations (B-9) and (B-10), the component
fatigue life can be calculated:

FL = T¢/D (B-11)

where FL = component fatigue life

SIMULE performs the above calculations for each of three usage
spectra.

COMPONENT LOAD MONITORING MODEL (CLMMOD)

The name ''linear programming'" is given to any numerical methou
for finding an extreme value of a linear function of several
variables; this value is required to satisfy a set of linear
constraints. The linear programming problem may then be repre-
sented as

MAXIMIZE g(Wy, +.., W)

q
; . (B-12)
) j=1 j j
subject to the constraints
q
.Zl kaj wj < d, a=1, ..., p (B-13)
J=
and
W. >0 j=1, ..., q (B-14)
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Equation (B-12) defines the linear function to be optimized and
is called the objective function. Equation (B-12) can also de-
scribe a minimization problem, since maximizing +q is the same
as minimizing -g. If the constraints of a posed problem do not
conform to Equation (B-13), the sense of the inequalities can
be reversed by multiplication by -1. Equation (B-13) also
permits equalities, as well as combinations of equalities and
inequalities.

According to Miner's Rule of Cumulative Damage, the

fatigue life of a cyclically loaded structural item can be
calculated by

n ni -1
T = To[iz NT] (B-15)

number of cycles of oscillatory ioad magnitude y

where n,
based on a spectrum of T, hours

i
Ni = number of cycles to failure at load magnitude yj

n = number of loading conditions (i.e., flight conditions)
in the loading spectrum

It is now possible to write

L/N; = £0r;) (B-16)
n, = w; TO (B-17)
where f = functional representation of the S-N curve
w. = relative frequency of occurrence of each loading

z condition

The function f is of the form

(g- - 1)]1/\( for S > E
e

0 for S < E

1
B

f(S) =

where B, vy, and Se are constants obtained by a least-square fit
of the digitized S-N curve and E is the endurance limit of the
component under consideration. Equation (B-15) can then be re-
written as
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n
T {1 u £} (3-18)
1=

If y; (rotating component load) is now approximated as a linear
combination of another set of parameters (stationary component
loads)

A

m
= kzo Ap Xip X521 (B-19)

then from Equation (B-18) the approximation to the fatigue life
of the item can now be written as

m -1 -
wy £( I Ak Xix) |} (B-20)
1 k=0

T = |
i

3

If we now require that

A

Y > Y; i*® X, .g:; D (B-21)

then T < T and the optimal approximation of yj [Equation (B-19)]
is the set of Ayp's which maximizes the function T [Equation
(B-20)] while satisfying Equation (B-21). T can be maximized by
maximizing the new function

A

n
D = £{ ] Ay xik} (B-22)

e

i=1

This type of optimization can be formulated as a sequence of

A

linear programming problems by first expanding D as a Taylor

Series about progressively better estima?sg , of Ax. Ex-
panding D about some initial estimate Ay and neglecting the
constant term yields

~

D~ T 0Aj () (B-23)
54 aAJ A; = A
where
Mj = Aj - Aj(0) (B-24)
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Recalling that

Y: = L Ap X (B-25)
1 k=0 !
we can then write
3D n 3f  ayi
—~. = - Wy Ta- ——— (B-26)
A N TR TE
and
dy dAk I
=L - ] — Xjk= I & Xik =X (B-27)
3hj k=0 Aj k=0 OF H

32; = - igl wj %5: Xij (B-28)
and
gﬁ_ 1 of
i Ay = Aj(O) ) }Zl “1 373 ;i - ;(0) Xi5  (B-29)
where
y;(0) = kgo A B (B-30)

Substitution of Equation (B-29) into Equation (B-23) yields

o ? 2 ? af
D = - w; = | . R .. . N
ik VA A e y.(o)le} BA; (B-31)
i i
Combining Equations (B-19), (B-21), and (B-24) yields
m n
] sAk Xk 2 v; - 1 A0 Xy (B-32)
k=0 k=0
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If we now define two new terms

n of

ag = - ) Wi ¥ .
PRI A FIENO X4 ; (B-33)
m
0 il
by = yi - kgo AL o (B-34)

we can formulate the linear programming problem

= m
MAXIMIZE D = ] aj AA; (B-35)
j=1
subject to the constraints
m
- 1 BAx Xjk < by i=1, ..., n (B-36)
k=0

Each time a solution to Equations (B-35) and (B-36) is found. the

Aj(o) are redefined as

(0) . 4. (O : -
A; AgtT0 x BA; (B-37)

until either

aAj < Ty k=0, ..., m (B-38)

where Tp = some smail tolerance, or a predetermined number of
iterations has been performed. At this point, Aj [Equation
(B-37)] yields the optimal approximation to yj [%quation (B-25)]
subject to Equation (B-21).

Every linear programming problem has a counterpart that is
called its "dual.'" An optimal solution to the dual problem re-
veals information about the optimal solution of the "primal,"
or original, problem. This is important since the dual is often
easier to work than _he primal. The dual of the general linear

programming problem represented by Equations (B-12), (B-13), and
(B-14), is

MINIMIZE h(Up, ..., Up)

. (B-39)
= LUy

174



subject to
> C, i=1l, ..., q (B-40)

and
U, >0 (B-41)

Since m << n for our particular problem, it is computationally
more efficient to replace the linear programming problem posed
by Equations (B-35) and (B-36) with its dual.

The optimization problem formulated in the CLM methodology
is not consistent with Equation (B-14) of the general linear pro-
gramming problem in that the AAj must be unrestricted in sign.
This condition can be handled by stating without proof the
"Unsymmetrical Dual Theorem.'" If the primal is defined by

MAXIMIZE g(Wy, «.., W)

n
q (B-42)
= 7 Gl
j=1
subject to
q
! By W. = B-43
541 Boy Wy = dy ( )
and
Wj >0 (B-44)
its dual is then defined by
MINIMIZE h(Ul, =0 Um)
P (B-45)
B azl Uy by
subject to .
P
bou, Baj 2 G (B-46)

with Ua unrestricted in sign.
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A slight modification of the thecorem allows us to write the
dual of Equations (B-35) and (B-36) as

n
MINIMIZE D* = ) (-b;) Z; (B-47)
i=1
subject to
)
- X:y 2. = A, (B-48)
jop ik i j
and
Z; 20 (B-49)

The solution AA;j to the primal problem, Equations (B-35) and
(B-36), can be obtained quite easily from its dual.

The initial estimate of A;j(0) was arrived at by a least-
square fit of yj; that is, by %inding the Aj which minimizes
the quantity

3
[}
Hoe—3

(y; - v3)? (B-50)

where §i is defined in Equation (B-19).
n m \
Z = . - X.. A, B-51
izl {y; jZO ij Al (B-51)

Z is minimized by requiring that

gé; = ( k=0, ..., m (B-52)

Substitution of Equation (B-51) into (B-52) yields

(B-53)

BAk

QL
nes-13
ey
~
[
L]
Jbas
<
>
=
n
o

Carrying out the partial differentiation in Equation (B-53)
results in

I n
jZO Aj izl Xik xij = Z Xix Vi k=0, ..., m (B-54)
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The A;'s which satisfy Equation (B-54) are used as the initial
valuel for Aj(o).

A computer program entitled CLMMOD was written to implement
the solution scheme presented above. The program consists of 29
subroutines, with most of them designed to facilitate the data
input and output and the data handling. The computational core
of the program is a library subroutine entitled SIMPLX, which
utilizes the simplex method to solve a linear programming prob-
lem of the form

n
MINIMIZE ) C. Z. (B-55)
=1 1
J
subject to r constraints
n .
_Z Aij ZJ = B, fori =1, , T (B-56)
j=1
and
Zj > 0 for all j values (B-57)
Aij’ Bi’ and Cj are fixed quantities, and Zj is unknown,

A second library subroutine entitled SLEQ was used in ar-
riving at the initial values for A;(0), SLEQ is a simultaneous
linear equation solver which handles a set of equations of the
form

Ax = b (B-58)

The input to CLMMOD consists of rotating component loads,
corresponding stationary component loads, S-N curve parameters
for each rotating component, and various aircraft descriptors.

COST EFFEC.IVENESS ANALYSIS PROGRAM (CEAP)

Introduction

During the HIP program the cost benefit of monitoring systems
for improved life-cycle helicopter usage was analyzed. This anal-
ysis compared the costs for developing, installing, and maintain-
ing the monitoring systems and their corresponding data processing
systems with the savings resulting from reduced component inspec-
tion, maintenance, and replacement.
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Costs

Table B-2 lists the cost categories and gives the type of ex-
pense (material, labor, nonrecurring, and recurring) associated
with each category. The expenses for each category include over-
head. Each category is briefly explained as follows:

TABLE B-2. COST CLASSIFICATION BY CATEGORY

LATEGORY MATERIJAL _LABOR RECURRINQNON
Prototype Development X X X
Environmental Testing X X
Preproduction X X
Proof Testing X X
Recorder Components and
Miscellaneous Hardware X X X
Assembly X X
Unit Inspection and Testing X X
Material Handling X X X
Technical Orders X X
Aircraft Modification X X
System Shipping Containers X X X
System Delivery X X
Monitoring System Installation X X
Overhaul and Repair Stations X X X X
Transmitters X X X
Processing System Development X X
Documentation X X X X
Data Processing X X

L» Prototype Development

Includes all expenses for (1) mechanism and concept proof,
(2) detailed layouts, (3) complete detail and assembly drawings,
(4) prototype fabrication, (5) finalized drawings and preparation
for manufacture, and (6) material.

2% Environmental Testing

Includes all expernses to test the monitoring system's com-
pliance with specifications for military environment. Costs are
based on expected sub-contract efforts.
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5. Preproduction

Includes all expenses to set up the assembly line production.

4, Proof Testing

Includes all installation and removal fees associated with
flight testing of a prototype recording system. Costs for the
structure modification to permit recorder installation are in-
cluded under the Aircraft Modification category rather than
under this category.

S. Recorder Components and Miscellaneous Hardware

Includes all material expenses for recording system compon-
ents and hardware such as timers, counters, transducers, cassettes,
wiring, and casing.

6. Assembly

Includes the first board and then all unit assembly expenses
incurred during production.

7 Unit Inspection and Testing

Includes all expenses to inspect and test each production
recorder unit.

8. Material Handling

Includes all expenses for purchase and acceptance of re-
corder components.

9. Technical Orders

Includes 4ll expenses to prepare and produce the technical
and operational manuals for the description, installation, op-
eration, and repair of the monitoring systen.

10. Aircraft Modification

Includes all expenses to (1) prepare detailed drawings for
the recording system installation in the helicopter, (2) design
and prepare complete detail and assembly drawings of all struc-
tural modifications, (3) perform proof installation of the re-
cording system, and (4) prepare finalized drawings.
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11. System Shipping Containers

Includes all expenses to package each monitoring system in
accordance with military Class A packaging specifications.

12. System Delivery

Includes all expenses to deliver each unit to any location
in the Continental United States.

13. Monitoring System Installation

Includes all expenses for Government installation of the
monitoring system.

14. Overhaul and Repair Stations

Includes all expenses to outfit the depot assigned for
the monitoring system repair.

15. Transmitters

Includes all expenses to develop and maintain a playback
unit to place the airborne data on a cassette.

16. Processing System Development

Includes all expenses to develop and implement a data pro-
cessing system used solely to analyze helicopter usage data.

17. Documentation

Includes all expenses to prepare monthly, interim, and final
reports; drawings; and correspondence.

18. Data Processing

Includes all expenses to process and analyze the monitoring
system data for one year.

Total Costs

Costs were calculated on a per unit aircraft basis. Urit
costs for categories such as Prototype Development, Environmen-
tal Testing, Preproduction, Proof Testing, and Processing System
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Development were determined by dividing the total nonrecurring
costs by the number of helicopters in the fleet. Unit costs
for the overhaul and repair stations as well as for playback
units were handled similarly but were corrected for their quan-
tity. Except for the Data Processing category, the recurring
costs for each category were associated with the replacement of
the monitoring system hardware. All recurring costs were de-
termined on a per year as well as a per unit aircraft basis.
Consequently, the total cost per unit was determined by multi-
plying the recurring costs for each helicopter by the helicopter
life in years and adding the results to the nonrecurring costs.

Savings

Savings are realized when a helicopter's operational usage
is continuously monitored and the fatigue life of its compon-
ents is constantly known. Components would no longer need to be
replaced simply because their design life has been expended.
Instead, a component would be replaced when its fatigue life
approaches damage allowables¢. As a result, fewer components
are replaced during the helicopter's life.

The number of component replacements saved by using the
proposed monitoring system is the basis for savings. To illus-
trate, the following sample analysis calculates the number of
component retirements for both the design and the operational
usage and then compares the two numbers to yield the saved re-
placements. The operational usages and weighting factors for
each, as previously described, are used to determine the number
of spared replacements.

Replacements

Assume that a helicopter has flown 60 hours per month for
10 years and that a specific helicopter component has a design
retirement life of 2500 hours. The number of replacements re-
quired for that component in the life of the helicopter is

7200 hours

2500 hours/replacement = 2.9 replacements

For the same monthly flight time and service life, assume that
the helicopter's operational usage is classified as mild, nor-
mal, or severe, and that the component's retirement life is

9000, 6000, and 3000 hours, respectively, for these usage clas-
sifications. Furthermore, assume that the helicopter has

flown 30, 50, and 20 percent of its flight time in the respective
ucage classifications. The number of replacements for the .same
component would then be
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0.30 x 7200 hours
9000 hours/replacement

= 0.2

+ 0.50 x 7200 hours

6000 hours/replacement g LU

+ 0.20 x 7200 hours
3000 hours/replacement

= 0.5

1.3 replacements

Thus, by using the moniteiing system, the replacements for this
component would be reduced from 2.9 replacement to 1.3 for a
net reduction of 1.6 replacements. Realistically, partial re-
placements are not possible so that the actual reduction in re-
placement weuld be 1 since three replacements would be made with
the current practice and only two replacements would be made
with the monitoring system. These saved replacements are, of
course, contingent on the assumption that the usage specified
in the example occurs. The test usage spectra and weighting
factors were assumed to represent the average usage of the
fleet.

Savings result from reduced component replacements. These
savings are expressed in terms of the saved components, mainten-
ance to replace components, and inspection of replaced compon-
ents. The savings for the saved components may be expressed as
follows:

e~

f. o (rdi - rjl) (B-59)

SR=§(C1*CC1*SC1)'“1' L5

j

where Sp = component replacement savings

i = component index
Ci = replacement cost for the ith component
CCi = container cost for the ith component
SC. = shipping cost for the ith component

n. = quantity of the ith component

j = operational usage spectrum index where .
j =1, 2, 3 for mild, normal, and severe, respectively

f. = weighting factor associated with jth operational usage
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By AT - e

rdj = number of replacements for the ith component as de-
termined by the design usage retirement life

Tji

= number of replacements for the ith component as deter-
mined by the jth operational usage retirement life

Since shipping and container costs were not readily available
for most of the components considered on the UH-1 and CH-47 heli-
copters, they were estimated from the known container and shipping
costs for the main rotor blade on each helicopter. Tables B-3 and
B-4 present these estimates for the UH-1 and CH-47 helicopters,

respectively.

TABLE B-3. ESTIMATED COSTS FOR UH-1H COMPONENT CONTAINERS
AND SHIPPING

COMPONENT CONTAINER
DESCRIPTION COST
Main Rotor Blade 200.002¢
Drag Brace 4.10
Yoke 43.20
Pitch Horn 2.10
Scissors 2.50
Swashplate Support 8.50
Collective Lever 2.50
Stabiiizer Bar 16.20
Retention Strap 9.70

SHIPPING

COST

90

19.

75
4.

.00%¢
1.

85
45

.00
.00
.80
.00

30
35

The savings from reduced maintenance because of the decreased
number of component replacements required in the helicopter's life
and the corresponding decrease in the paperwork to document com-
ponent replacement may be expressed as follows:

3
Sy = (Mm, * Mp) * Cp ° jzl £+ (Lmay - Lrgy) (B-60)

where SM

Mma

total savings associated with maintenance

average number of man-hours to replace one component

26 Maloney, Paul F., and Akeley, Carrol R., DESIGN STUDY OF
REPATRABLE MAIN ROTOR BLADES, Kaman Aerospace Corporation;
USAAMRDL Technical Report 72-12, U.S. Army Air Mobility
Research and Development Laboratory, Fort Eustis, Virginia,
July 1972, AD-749-283.
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Mp = number of man-hours to document the maintenance
required to replace one component
Cp = cost per man-hour

The equation used to determine the average number of man-hours to
replace one component is

Moo= L (B-61)

where Mmi = man-hours to replace ith component

TABLE B-4. ESTIMATED COSTS FOR CH-47C COMPONENT CONTAINERS
AND SHIPPING

COMPONENT CONTAINER SHIPPING

DESCRIPTION COST COST
Aft Rotor Shaft 215.20 33.40
Aft Rotor Hub 129.40 20.10
Aft Rotor Hor. Pin 15.30 2.40
Aft Rotor Blade Socket 31.80 4.90
Aft Rotor Tie Bar 15.50 2.40
Aft Rotor Blade 290.00%7 45.00%7
Aft Rotor Pitch Shaft 37.60 5.80
Forward Rotor Blade Socket 32.50 5.00
Forward Rotor Tie Bar 15.50 2.40
Forward Rotor Pitch Shaft 37.60 5.80

The savings accrued for reduced component inspections are a
result of a reduction in replacement inspections. Each replace-
ment inspection was assumed to last 0.17 hours, regardless of
the component. Savings were calculated as follows:

27 CH-47A, B, AND C SERIES HELICOPTER ROTOR BLADE FAILURE
AND SCRAP RATE DATA ANALYSIS, The Boeing Company, Vertol
Division; USAAMRDL Technical Report 71-58, U.S. Army Air
Mobility Research and Development Laboratory, Fort Eustis,
Virginia, November 1971, AD-739-568.
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e~
[

S; = Mp ¢ Gy (rd; -

. £+ 1jy) (B-62)

J

total savings associated with inspections

where SI

M; = number of man-hours required to conduct one
complete inspection

C, = cost per man-hour

rd; = number of replacements for the ith component as
determined by the design usage retirement life

rjk = number of replacements for the kth component as
determined by the jth operational retirement life

Total Savings

The component replacement, inspection, and maintenance savings
were added as follows to yield a total savings to be compared with
the costs for developing and implementing the proposed monitoring
systen.

(B-63)

ST=SR+SI+SM

where Sy = total savings for one helicopter over its projected life

185



A

ACTION

Aij

CASIR
CEAP
CGI
CHAOS

Ci

cij’

C(1,J)
CLM

CLMMOD

CMOS

CTMS

LIST OF SYMBOLS

proportionality constant

Aircraft Component Time Since Installation, Overhaul,
or New

proportion of time in the ith spectrum for helicopters
in the jth mission

kth flight condition category damage rate for a
particular component

given set of constants, not all equal to zero
Aircraft Structural Integrity Program

stress ratio

built-in test

proportion of helicopters in the jth mission
damage rate for a given flight condition capacitor
Chronological Analysis of Selected Items Record
Cost Effectiveness Analysis Program

cruise guide indicator

Chronological, Historical Aircraft Ownership
Summary

theoretical damage rate for the ith mission segment

theoretical damage rate for the jth component
type for the ith flight condition category

component load monitoring

component load monitoring model (linear programming
program to determine optimum linear relationship
between rotating and stationary component loads)

complementary metal oxide silicon

theoretical damage rate for the Nth functional
assignment

Component Tracking Management System

total computed fatigue damage
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DM

AD1,4D2,
. I.AD6

E

ECP

f

FA
FATHIP
FCM
FCMMOD

FDAM
FDAS
F.

1
GLIM
IGE
IMH
IPS

LCST

Fn

LSB

M

LIST OF SYMBOLS - Continued

incremental damage to the component

component damage accrued during ith flight condition
component damage due to kth flight condition category
direct monitoring

cumulative damage increments for the rth to
(r-1)(r-2)...(r-6) records, separately

function error

engineering change proposal

functional representation of the S-N curve
functional assignment

Fatigue Analysis Program

flight condition monitoring

flight condition category damage rate
calculation program

Fatigue Damage Assessment Model

Fatigue Damage Assessment System

weighting factor for the ith spectrum

Gains and Losses in the Inventories of Major Items
in ground effect

inspection man-hours

Initial Processing System

longitudinal cyclic speed trim

actual load recorded on the nth fixed component
actual load experienced on the rotating component
least significant bit

number of component types

constant for given material of a particular thickness
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MIT
MMH
MS

MTM

PT

AQR

RAMMIT

RT
SIMPLX

LIST OF SYMBOLS - Continued

number of flight condition categories

Major Item Trends

maintenance man-hours

mission segment

mission type monitoring

number of cycles to failure at a given load level
number of flight condition categouries

total number of acoustic emission signals resulting
from dislocation motion

applied cycles of a specific load level

number of loading conditions (flight conditions) in
loading spectrum

number of cycles to failure at load magnitude %5

number of cycles of oscillatory load magnitude Yi
based on a spectrum of T hours

incremental number of landings
incremental number of rotor start/stop cycles
pitch rate

percentage of ith flight condition appearing in kth
flight condition category

pitch rate threshold
incremental calendar time
roll rate

random access memory

Reliability and Maintainability Management Improve-
ment Techniques

roll rate threshold

library subroutine which utilizes simplex method
to solve a linear programming problem
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SIMULE

SLEQ

TASIR
TD,
i

AT
T(I)

ATR(r)
TRCAL
TS

TSN

Te

AT1,AT2,
ve.,AT6

LIST OF SYMBOLS - Continued

computer program which simulates the assesssment of
fatigue damage as in the FCM recording system

library subroutine which solves a set of simultaneous
linear equations

component fatigue life in hours
The Aircraft Selected Items Record

flight time spent in ith flight condition of usage
spectra

incremental flight time

flight time for the ith flight condition category
incremental log time

flight time in the ith mission segment

amount of flight time spent in kth flight condition
categcry

total log time

time spent in the Nth functional assignment
number of hours in flight spectrum

total record time

time to component removal

incremental record time for the rth record

the projected date of component removal

flight time spent in ith flight condition of design
spectrum

time since new
total flight time

cumulative time increments for the rth to
(r-1)(r-2) and (r-6)th records, respectively
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ATy (r-1),
AT2(r-1),

ATg(r-1)

Vi

Vne
Vo

WOL
WuUC

1B, 2C,
2CA, 3A

1,11,
IIA,IIIA,
IVA,VA,
VI,VII

2407
file

2408
file

LIST OF SYMBOLS - Continued

cumulative time increments from the previous
helicopter

limit forward airspeed

velocity never exceeded in forward flight
threshold voltage of comparator circuit
wedge opened loading

work unit code

stationary component loads

oscillatory load corresponding to the ith flight
condition

approximation of the rotating component loads

error switch of IPS for the ith flight condition
category

coefficients which define the transfer function
for component load monitoring

relative frequency of occurrence of each loading
condition, Y

designation of recording systems for the UH-1H
helicopter

designation of recording systems for the CH-47C
helicopter

record of DA Form 2407 data

record of DA Form 2408 data
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LIST OF SYMBOLS - Concluded

2410/ designation of composite file in RAMMIT that tracks
2407/8 component change information

file

superscripts

~ approximation

(0) initial estimate
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